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This thesis deals with the identification and subsequent studies of structural and mag- 
netic behavior of different crystallographic phases present in the ceramic system Lai-sBa^ 
MnOa where x varies from 0 to 1 . The experimental techniques used to probe these as- 
pects are X-ray diflEraction, Raman spectroscopy, infrared absorption measurements and 
high-field magnetometry over a broad range of temperatures. The doped manganites of 
the type Ri-xAiMnOa {R = rare-earth element La, Nd, Pr, etc. and A = Ca, Sr, Ba or 
Pb) provide systems where strong interactions between the charge, spin and lattice degrees 
of freedom lead to a rich variety of physical phenomena. Within the perovskite structure, 
the strength of these interactions depends on the ionic radii of the R and A cations, their 
relative concentration and on deviations in oxygen stoichiometry. In a certain concen- 
tration range the perovskite structure itself may become unstable leading to a two-jihase 
mixture with insuing granularity in various physical properties. Amongst the family of 
Ri-xA^MnOz, the compounds which have been studied extensively are Lai_iCa5;]Mn03 
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and Lai-jSrajMnOs- These two systems show considerable variance in their properties ow- 
ing to the difference in the ionic radius of Ca^"*" and Sr""^. The next divalent dopant with 
a still higher ionic radius is barium. Surprisingly, however, the issues related to phase 
stability and magnetic behavior of Lai_3:Ba3Mn0.3 system are relatively unexplored We 
have therefore undertaken a systematic study of phase stability and magnetic behavior 
of Lai-sBaxMnOs system. The studies of vibrational, electromc and magnetic excitations 
in these perovskites with optical spectroscopy techniques such as Raman scattering and 
infrared absorption are also lacking. In order to look into the lattice dynamical aspects 
of the manganites in general, this work also reports laser Raman scattering and infrared 
spectroscopy studies of the Lai_xBa^Mn 03 system. The specific objectives of this thesis 
are as follows; 

1. To study the formation of different crystallographic phases and their characteristic 
Raman and infrared spectra in the manganite system Lai-iBaikInOs for x in the 
range of 0<x<l, and with variation in oxygen stoichiometry. 

2. To study the onset of ferromagnetism in Ba substituted LaMnOs and a comparative 
study of the ordering temperatures with that of Ca and Sr doped manganite in order 
to elucidate the influence of ionic size on the ordering temperature. 

3. To establish the magnetic state of the two-phase region and study magnetic granu- 
larity of the material. 

4. To study the influence of magnetic ordering on the local atomic arrangement through 
studies of the temperature dependence of the Raman active phonon modes. 

The thesis has been divided into seven Chapters. A summary of the Chapters is as 
follows : 

Chapter 1 presents an overview of the structural, magnetic and electronic aspects of 
the Lai-iAxMnOs- The stability of the perovskite structure in Ca, Sr and Ba substituted 
material is discussed and various polymorphic forms of the end members are introduced. 
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The ordering of Mn'^"*" and Mn'^'*' ions and the formation of ordered phases is discussed. In 
this Chapter we also review the limited Raman and IR spectroscopy work that has been 
reported on these compounds. 

Chapter 2 describes the experimental techniques used to investigate the structural 
and magnetic properties of the samples. The method of sample preparation and the use of 
sample characterization tools such as scanning electron microscopy and x-ray diffraction 
are also discussed in this Chapter. Various important features of Raman scattering and 
IR transmission measurement techniques are summarized aswell. Detail of the advanced 
spectrographs, Raman microprobes and high performance charge coupled device (CCD) 
are discussed critically. 

The presence of various crystallographic phases in the Lai.jjBaxMnO^ system is given 
in Chapter 3. The powder X-ray diffraction technique has been utilized to verify the 
crystallographic structure of the samples. Synthesis of the end member LaMnOa in pure 
argon environment leads to the formation of JT distorted, antiferromagnetic orthoman- 
ganite. The oxygen rich LaMnOs is rhombohedral. In Ba-substituted compositions with 
0<x<0.25, a single phase rhombohedral compound of decreasing rhombocity is formed. 
A further increase in x leads to the ideal cubic perovskite structure. The critical Ba- 
concentration (xc) upto which the perovskite phase is stable in the series Lai-iBaiMnOa 
has been established from XRD measurements as 0.40. For x>Xc, the system phase sepa- 
rates into cubic LaBaMnOs and hexagonal BaMnOs. 

Chapter 4 deals with the room temperature Raman and IR study of Lai_jBai, MnOs 
series over the composition range 0<x<l. The spectroscopy studies on the end members 
have also been performed by varying the oxygen stoichiometry. The results of a factor 
group analysis of allowed zero- wave- vector phonon modes for different crystal symmetries 
are presented in tabular form. The micro-Raman and IR transmission techniques have 
been utilized to establish the critical concentration Xc for phase separation. The presence 
of various Raman and IR active phonon modes is analysed within the framework of the 
group theoretical analysis. The observed Raman modes for LaMnOs compound are primar- 
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ily due to the interual vibrations of the MnOe octahedra. The oxygen rich rhombohedrai 
LaMnOs^-i, has fewer zero- wave-vector phonon modes. In Ba-substituted compounds for 
higher values of x (>0.25) the ideal cubic perovskite structure does not yield any Raman 
active mode. However, the compound with x=0 35, shows faint Raman modes of hexago- 
nal BaMnOs (Pdsmc, noncentrosymmetric group) whose presence is not observed in X-ray 
diffraction pattern of the sample with x=0.35. The IR spectra show an absorption edge 
in addition to the IR active phonons. The absorption edge shifts to lower energie.^- and 
phonon modes are screened as more and more holes are doped in the system with increas- 
ing Ba concentration. An attempt has been made to correlate the progressive increase 
in symmetry of the crystal structure, shift of IR absorption edge to lower energies and 
disappearance of phonon modes with x and 8 with the reported electrical and magnetic 
behavior of this hole-doped manganite. 

In Chapter 5, the magnetic behavior of Lai_ 2 ,Ba 3 ;Mn 03 bulk samples is studied over 
a wide range of composition (0<x<l), temperature (4.2 K - 775 K) and magnetic field 
strength (1 G - 50 kG). The ordered moment on LaMn 03+5 depends sensitively on the 
processing conditioas and the lowest value of 0.006 np per Mn ion at 4.2K is realized in the 
antiferromagnetic compound of 5=0. The complex magnetic behavior of BaMnOs suggests 
antiferromagnetic ordering below ~150K. The Ba-substituted compounds order ferromag- 
netically with a monotonic increase of Tc and saturation magnetization M* with x<0.35. 
In the two-phase region (x>0.35), M* scales with the fraction of the ferromagnetic phase 
(Lao 65Ba<)..'?5Mn03) present in the sample. Magnetic granularity, superparamagnetism and 
an effective medium approach of susceptibility of the two-phase mixture are discussed in 
this Chapter. 

The results of the temperature dependence of the Raman active modes in LaMnOs 
and BaMnOs are presented in Chapter 6. The temperature variation of Raman spectra 
have been obtained over a temperature range of 10 - 300 K. A structural instabihty asso- 
ciated with the antiferromagnetic ordering has been noticed in the phonon spectra of the 
orthomanganite LaMnOs samples. The behavior of certain phonon modes at suggests 
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d sudden change in the topology of the MnOs octahedra. The temperature dependence 
of the frequency and linewidth of various Raman active modes of BahlnOs compound is 
measured and attributed to the anharmonic terms in the vibrational potential energy of 
the lattice. 

Chapter 7 summarizes the important findings of this work and also identifies ■^cope 
for future work. 
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Chapter 1 
Introduction 


The mixed valent oxides of the type Ri-jjAiMnOs, where R is & rare-earth element 
like La, Pr or Nd and A is the divalent Ca, Sr, or Ba, have been a subject of scientific 
investigations for many decades [1, 2]. The recent interest in this family of materials has 
been stimulated by the observation of a large negative magnetoresistance [3-5], charge and 
spin ordering effect as a function of Mn^'*’ / Mn'^'^' ratio [6, 7], and lattice instabilities and 
distortions [8]. These systems display a rich variety of structural, magnetic and metal- 
insulator phase transitions as a function of temperature, pressure and doping of divalent 
cation, viz Ca, Sr [9, 10]. The similarity of many issues related to magnetism and transport 
properties in these perovskites with the high Tc cuprates [11] has been an additional factor 
contributing to the recent global interest. 

The need to understand the structural, magnetic and electrical behavior of these 
doped transition metal oxides in bulk and thin film forms has also arisen due to their 
potential for many technological applications. While the estabUshed areas of applications 
are as magnetic read-write heads, magnetic sensors [4], electrode materials for MHD gener- 
ation [12], batteries and fuel cells [13], and many new applications may emmerge with the 
development of multilayer deposition technology. Perovskite type oxides, in general, are 
also catalysts for many reactions among which are those involved in the removal of atmo- 
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spheric contaminants (CO, hydrocarbons and NOi) from vehicle exhaust gases. The use of 
non-stoichiometric lanthanum manganites as electro-catalytic oxygen electrodes in aquous 
solutions has also been studied [14, 15]. Correlations have been established between their 
catalytic activity and physical properties by several authors [16, 17] Most of the exhotic 
properties of these oxides originate from the partially filled ‘d’ shell of the transition metal 
present in the system. The most extensively studied derivatives of the above general class 
of oxides are the compounds with formula Lai-^Aj-MnOs. The strontium and calcium 
substituted lanthanum manganites have been extensively studied by a large number of 
workers, and the Sr-doped compound, in particular, has found extensive use as a cathode 
material for solid oxide fuel cells (SOFC) [13]. However, a limited literature is available for 
barium-substituted lanthanum manganite [1, 18-20], although it is also expected to show 
a variety of interesting physical and chemical properties. 

The end members of this series, namely LaMnOa-^ and AMnOs-^ where 6 represents 
the propensity of the Mn ions to be in 3-b or 4-1- valence state, also present two interesting 
classes of oxides. While LaMnOs is a Jahn-Teller (JT) distorted cubic perovskite having 
antiferromagnetically ordered canted Mn^"*" spins and an electrically insulating ground state 
[21, 22], the magnetic and crystallographic structure of AMnOa is quite complex. The cubic 
structure is retained in the case of CaMnOa whereas SrMnOa and BaMnOa crystallize into 
hexagonal lattice. The detailed structural aspect of these compounds will be discussed in 
the following sections. 

The structural and magnetic phase diagram of Laj.^Ca^MnOa system has been studied 
in detail [9]. Structurally, there is a complete solubility between the two end members of 
this series. The stability of the perovskite structure as a fimction of Sr or Ba concentration, 
on the other hand, is not well established. However, there are a large number of recent 
studies on electron transport mechanism and magnetic ordering of Lai-ajSrjjMnOs [10, 22- 
25] system for x< 0.4 where a single phase is formed. For the still larger ion, Ba'"^ - based 
compound, detailed studies are lacking. 

Most of the information available on the structure and phase stability of Lai-iA^jMnOs 
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alloys has been deduced through macroscopic tools such as x-ray and neutron diflEraction 
or inferred from sxisceptibihty measurements. A lot more could be learned about the 
physics of these materials through light scattering and infrared (IR) absorption experi- 
ments. Inelastic scattering of light by vibrational, magnetic and electronic excitations in 
these system, for example, can provide a powerful means to track the structural and mag- 
netic phase transformation as a function of temperature and composition. Similarly, light 
transmission/absorption studies allow understanding of the electronic and vibrational ex- 
citations. Light scattering spectroscopy is now firmly established as a standard technique 
for measuring magnetic excitations in solids. The theoretical interpretation of such spectra 
is well developed, and considerable physical information about the magnetic properties of 
solids can be learned from their light scattering spectra. While Raman scattering (RS) 
has been used extensively to study vibrational and magnetic excitations in various alkali 
halide based perovskites [26, 27], and ternary oxides of iron and chromium [28, 29], the 
field of manganites is relatively unexplored except for some very recent studies. 

In spite of the voluminous recent work on Ca or Sr doped manganite systems, several 
important questions still remain unanswered. 

• Can one assume the results of Ca- or Sr- doped manganites as models for the Ba- 
doped materials ? How would the larger ionic radius of Ba^'*' affect the electrical, 
magnetic and structural properties of the manganite ? 

• Is there a complete structural solubility between BaMnOs and LaklnOa ? How would 
cation vacancies affect the properties of these compounds ? 

• Do the crystallographic structure and magnetic state change by introduction of cation 
vacancies or variation of oxygen stoichiometry in Lai_ 3 :Ba 3 ;Mn 03 series ? 

All these questions motivated us to carry out a systematic study of the structural and 
magnetic behavior of this interesting manganite system with Ba- as divalent dopant. To 
arrive at some meaningful conclusions, we have probed the series Lai_j;Ba 3 :Mn 03 (0<x<l) 
with the following experimental techniques, 
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1. X-ray powder diffraction, 

2. Laser Raman Scattering, 

3. Infrared absorption, and 

4. Magnetization measurements. 

Having stated the basic objectives of the thesis, we would like to begin with a brief 
overview of the structure, magnetic ordering and phase stability of the lanthanum man- 
ganite system. 

1.1 Overview of Lai-a^AajMnOg 

1.1.1 Crystallographic Structure 

The crystallographic S 3 anmetry of lanthanum manganite compounds belongs to the per- 
ovskite related structure. The oxides crystalizing in perovskite structure can be assigned 
the chemical formula ABO3, where A denotes a larger ion viz. Ca^"*", Sr"'*', Ba^"*", Cd^~. 
Pb^"^, La^"^, Pr^"^, Nd^'*', Gd^"*", etc., while B is the small metal ion viz. Cr^"". 

Mn'^'*', Ti^'*', Mn'^'*' etc., and 0, the oxygen ion [30]. The perovskite unit cell is shown 

in Fig. 1.1. The ABO3 perovskite type structure is a closed packed AO3 lattice with B ions 
in the octahedral sites that are completely surroimded by the oxygen ions. The structure 
of all the known copper oxide based high Tc superconductors can also be described in 
terms of a stacking of the (AO) or ‘rock salt type’ and (BO2) or perovskite-type planes in 
suitable sequence [31]. 

Stability of the Perovskite Structure 

It was pointed out by Goldschmidt [32] that the perovskite structure is stable only if the 
tolerance factor t, defined by 

^A+rp 

\/2(rB + rp) 


( 1 . 1 ) 
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Figure 1.1: (a) The ABO 3 structure; (b) the oxygen octahedra. 

equals unity. Where r^, the radius of A ion, r^, the radius of B ion, and ro, the radius 
of 0 ion respectively. A purely cubic structure is found if it is equal to unity as is the 
case for strontium titanate (SrTiOs). When the tolerence factor (t) is different from unity 
the perovskite structure shows distortions from the cubic symmetry such as in CaTiOs 
and BaTiOj. However, large deviations from unity result in completely different crystal 
structures (e.g. ilmenite for t<l, calcite and argonite for t>l). Table 1.1 shows the 


Table 1.1; The values of tolerance factor ‘t’ and crystallographic symmetry for various 
ABO3 oxides 


Compound 

t 

Structure 

Compound 

t 

Structure 

* LaMnOa 

0.89 

Orthorhombic 

* CaMnOa 

0.91 

Cubic 

* (Pr, Nd)Mn03 

0.86 

Pseudocubic 

SrMnOs 

0.99 

Hexagonal 

* GdMnOs 

0.85 

Orthorhombic 

BaMnOs 

1.05 

Hexagonal 

YhlnOs 

0.83 

Hexagonal 



1 

i 
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Figure 1.2: Simple-cubic cirray of transition-element ions in perovskite-type lattice, showing 
the orientations of empty d 3 . 2 _j ^2 orbitals responsible for orthorhombic symmetry [34]. 

values of tolerance factor and the corresponding structure for various ABO 3 oxides. The 
compoimds showing perovskite structure are marked with an asterisk. In the following we 
discuss the structure of Lai-jAiMnOs compounds in detail. 

(a) La]VIn 03 .j., 5 , <5^0 

As discussed above, the LaMnOs perovskite type structure is a closed packed LaOa lattice 
with the Mn ions in the octahedral sites which are completely surrounded by six oxygen 
ions. At room temperature, stoichiometric LaMnOs is orthorhombic due to a mismatch 
between La-0 and Mn-0 bond lengths, and due to a cooperative JT distortion associated 
with Mn^"*" ions. The structure transforms towards more symmetric phase such as rhombo- 
hedral or monoclinic with the rise of temperature [33]. The orthorhombic distortion from 
cubic S 3 mmetry observed for pure LaMnOa is larger than that for the other orthorhombic 
perovskites. Goodenough [34, 35] has indicated that this large orthorhombic distortion 
is due to a particular ordering of the four coplanar, empty orbitals of the Mn^"^ ions as 
shown in Fig.1.2. Smaller distortion from the cubic symmetry results when this ordering is 
destroyed. The substitution of ions such as Cr^"^ , Co^'*' and Fe^'*' which do not have 
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an unequal occupation of ci22 and d2.2_y2 orbitals at the octahedral oxygen-ion interstice 
reduce the number of Jahn- Teller ion (Mn'^~) which are available to participate in the dis- 
tortion mechamsm. Consequently, the magnitude of this distortion and temperature of the 
transition from orthorhombic to rhombohedral are expected to decrease with increasing 
concentration of the foreign ions (non Jahn-Teller). 

The changes in the crystallographic structure, magnetic and electrical properties of the 
nonstoichiometric LaMn034.^ for 6 greater than zero, have been studied by many workers 
[19, 36-37]. Here the ‘5’ is a positive fraction winch represents the vacancy content on the 
metal sites and not any extra oxygen in the lattice. The tendency of manganese atoms 
to adopt a A+ state leads to a non-zero value of 6. The composition of LaMn03+i is 
better expressed as Lai_£Mni_e03 with e = 6/{S+6) or LaMni;|;25Mn2j'03_i. Powder X-ray 
diffraction measurements of Topfer and Goodenough [21] show a distinct orthorhombic 
phase for 0< 6 <0.06 and a rhombohedral phase for 0 1< 5 <0.18. For 6 between 0.06 and 
0.10, a two-phase mixture of orthorhombic and rhombohedral phases is predicted. Verelst 
et al. [37] have shown the structural change in LaMn03+5 from orthorhombic to ('ubic 
(via rhombohedral) with increase in Mn^”*" content. According to their measurements, the 
compound is orthorhombic (Pbnm, Z=4) up to ~20% Mn"^"^ and becomes rhombohedral 
(R3c, Z=2) up to ~30% Mn'^'^, the compound becomes cubic (Fm3m, Z=8) if Mn^"*" content 
exceeds 30%. Van Roosmalen et al. [38] have shown by neutron diffraction that doubling 
of the unit cell is likely for rhombohedral LahlnOs+i. This was also observed by Tofield and 
Scott [39], and for orthorhombic LaMn03oo by Elemans et al. [19]. Neutron diffraction 
results [38] indicate that the atomic positions in the doubled unit cell axe shifted only 
sUghtly and that the structure of LaMn03+<ir compounds can be described satisfactorily in 
the usual orthorhombic and rhombohedral unit cells [Fig. 1.3]. 

(b) Lai_ 2 ;A 3 :Mn 03 , (A = Ca, Sr, and Ba) 

The structural aspects of Lai_xCaiMn03 have been studied extensively [1, 22, 40-42]. The 
work on this material was started in early fifties by Jonker and van Santen [1], which 
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Figure 1.3: 
drawn in a 
sub cell [38]. 


= Perovskite sub-celt 

= Orthorhombic 

: Rhombohedral 


0=l-a 
o = Mn 
• = 0 



Comparison of the orthorhombic and rhombohedral unit cell of LaMnO. 3 + 5 , 
nondistorted perovskite structure. Both can be expressed in the perovskite 
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showed a complete structural solubility of this series for entire range of Ca doping. In the 
year 1970, G. Matsumoto [42] published an extensive piece of work on the structural and 
magnetic properties of Lai-iCa^MnOs (0<x<0.3) compounds synthesized using standard 
solid state reaction method. The pha.se diagram according to this work shows that the 
system at room temperature is monoclirdc for x<0.04, orthorhombic for 0.04<x<0.r25. 
and cubic for x>0.125. In the pure compound, the transition temperature from mono- 
clinic to cubic phase is in the range of 750-780K. The phase transition temperature from 
monoclinic phase to the cubic one decreases sharply with increase in Ca concentration. 
In 1982, Tanaka et al. [43] had carried out the crystallographic and magnetic studies of 
Lao 8 Cao 2 Mn 03 samples prepared using two different methods one involving coprecipita- 
tion of metal ions from aquous solution and the other the standard solid-phase reaction 
approach. The sample prepared by coprecipitation method was found to have mono clinic 
structure and the one synthesized using the standard solid-phase reaction yielded a cubic 
material. The difference of the structures between these two samples has been attributed 
to the homogeneity of distribution of ions in the two types of samples. The coprecipitation 
method, in principle, gives material where the constituents are homogeneously distributed 
in an atomistic scale. Hence, these authors attributed the symmetry of LaosCaooMnOa to 
be monoclinic. However, a recent work [22] dealing with the studies on structure, transport, 
and magnetic properties of Lai-iCa^MnOa over a wide range of compositions synthesized 
by solid-state reaction route shows that the room temperature structures are as follows; 
orthorhombic for 0<x<0.1, rhombohedral for 0.1<x<0.2 and cubic for 0.2<x<1.0. 

The work on the Sr based material by Jonker and van Santen [1], shows that the 
perovskite phase is stable upto 70% of Sr doping in LaklnOa- The studies on Sr doped 
lanthanum manganites synthesized by solid state method reveal that the compound is 
rhombohedral for x in the range of 0.1 - 0.3, and cubic when x=0.4 - 0.5 [22]. However, 
the crystal structure of Lai-iSriMnOa grown by floating zone (FZ) method studied by 
Urushibara et al. [10] gives a different picture. The compound seems to be orthorhombic 
(Pbnm, Z=4) up to the composition x=0.15, then the structure changes to rhombohedral 
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(R3c, Z=2) for 0.175<x<0.6 at room temperature. From these reports it is clear that a 
cousiderable amount of ambiguity exist about the solubility of Sr in the perovskite lattic*^ 
of LaMnOs- The compounds Lai.^Sr^MnOs also undergo rich structural and magnetic- 
phase transitions [44-45] as a function of temperature and pre.ssure. The temperature at 
which the structural phase transition (SPT) from a high-temperature rhombohedxal phase 
(R3c) to a low temperature orthorhombic phase (Pbnm) takes place is very sensitive to 
the level of doping (x). 

The studies of Lai-iBaxMnOs were started as early as 1950 by Jonker and van Santen 
[1]. However, compared to the works on Ca or Sr doped materials, the crystallographic as 
well as magnetic phase diagram of the Ba substituted manganites are poorly understood. 
This is inspite of the fact that the study which generated so much of interest in the 
manganite was done on thin film samples of Lao erBao asMnOa by von Helmolt et ai. [3]. 
The studies of Jonker and -van Santen [1] show the formation of a two-phase mixture 
beyond 45% of divalent Ba doping in place of trivalent La. Recent X-ray diffraction (XRD) 
results of Chakraborty et ai. [46] show that the material exists as a single phase having 
perovskite structure up to 40% substitution of Ba for La. For the Ba concentration in the 
range of 40 - 50 percent these workers found a two phase mixture. Recently, Dabrowski 
et ai. [47] have reported structural, magnetic and transport properties of the single-phase 
and vacancy free samples of Lai-iBa^MnOs in the composition range x=0. 12-0.24. The 
structural studies in this work were carried out using powder neutron diffraction method. 
The room temperature powder diffraction data show that the system is orthorhombic for 
0<x<0.13 and the rhombohedral phase is stabilized for 0.13<x. This should be contrasted 
with the critical concentration x of 0.165 at which the rhombohedral phase wins over the 
orthorhombic phase in the Sr-substituted LaMnOs. The structural aspects of Ba-doped 
LaMnOs compound have been discussed by Dabrowski et ai. [47] in the framework of 
tolerance factor concept. Since the ionic size of Ba is considerably larger than that of 
Sr or Ca, the tolerance factor increases faster with Ba substitution than with Sr or Ca 
substitution. Thus, the materials with the composition of xb„ =0.13 and xsr=0.165 have 
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very similar tolerance factor t=0.975 and 0.971 respectively. 

(c) AMn 03 _fi, <5 > 0 

The crystallographic structure of the other end member of the Lai-sA^MnOs series namely 
AMnOs-i is quite complex Here the ideal perovskite structure consisting of all corner- 
sharing IVInOe octahedra becomes unstable as the size of A cation becomes larger than the 
critical radius given by the Goldschmidt formula [32]. The cubic structure is retained in 
the case of CaMnOs-^ [48] for 6 as high as 0.5 [49]. However, the cubic structure is unstable 
for SrMnOs and BaMnOa. Instead, the structure consists of a stacking of closed packed 
SrOa (or BaOa) layers with Mn ions occupying interlayer octahedral sites [50]. Based on 
the number of layers, stacking sequences, and ordering of transition metal ions, numerous 
unique poly types of the compounds can be theoretically generated. All these structure 
types can be considered to consist of mixtures of two types of layer packing. A total 
hexagonal stacking (AB AB type) of BaOa layers resulting in a two-layer (2L) hexagonal 
cell which is characterized by infinite strings of face-sharing MnOe octahedra parallel to 
the c axis. A total cubic stacking (ABC) yields the familar perovskite structure in which 
all octahedra share corners. An alternation of face and corner sharing octahedra results 
in mixed cubic and hexagonal stacking. The typical examples of hexagonal 6L structure 
is BaTiOs (ABCACB) with 66|% cubic stacking [51] and the 4L structure of SrMnOs 
(ABAC) with 50% cubic stacking [52]. The ideal hexagonal structure however is highly 
sensitive to the valence state of the Mn ions. A decrease in the oxygen concentration leads 
to the stabilization of the Jahn-Teller Mn^"^ and a progressive deviation from the ideal 
hexagonal stacking. 

There are a few reports on SrMnOs-i [53-55] describing the structural and magnetic 
properties of 4H, 2C and 6H polymorphic forms, where H and C axe the hexagonal and 
cubic stacking respectively. Whereas BaMnOs-j is a well studied system [50, 54, 56-59] 
from the crystallochemical point of view. The stoichiometric BaMnOa crystallizes in the 2L 
hexagonal form. This t 3 q)e of structure can be described as formed by a hexagonal sequence 
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O Mn 



O 


Figtire 1.4: The tetramolecular cell of BaMnOa-fi or the 4H structure [56]. 

(...hhh...) of BaOs layers [56]. Powder X-ray diffractioa studies of Negas and Roth [50] have 
shown a series of different phases in the anion-deficient BaMnOa-^ system (0< S <0.25); a 

rhombohedral 15-layer type, (chhhh )3 stacking sequence and hexagonal 8H, ....(hhhc )2 

6H, ...hchhhc...., lOH, ....(hhchc) 2 ...., and 4H, .'..hchc.... types. Figure 1 4 shows the 
crystallographic structure of a tetramolecular BaMnOs-fi or the 4H polymorphic form. 
The high-resolution electron microscopy measurements of Parras et al [57] and Gonzalez- 
Calbet et al. [58] show that oxygen deficiency in BaMnOs-s (0<d<0.25) is accommodated 
by the introduction of Ba02.5 cubic layers in the BaOa hexagonal layers. The ideal anionic 
composition for every hexagonal type can be estabhshed as BaMnOs (2H), BaMn02.9o 
(15R), BaMn02.875 (8H), BaMnOsss (6H), BaMnOss (lOH) and BaMn02 75 (4H). The 
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Table 1.2; Summary of the BaMn 03_<5 phases prepared by Negas and Roth [50] 


Phase 

Cubic stacking 
(%) 

Stability range in air 
T ( ° C ) 

6 in BahlnOs-^ 

2 - layer 

0 

< 1150 

0.00 

15 - layer 

20 

1150 - 1300 

0.00 (?) - 0.02 

8 - laver 

25 

1300 - 1350 

0.03 - 0.05 

6 - layer 

33i 

1350 - 1475 

0.10 - 0.15 

10 - layer 

40 

1475 - 1550 

0 17 - 0.20 

4 - layer 

50 

> 1550 

> 0.25 


structure of these compounds is very sensitive to the annealing conditions. In general, 
various oxygen- deficient BaMnOa polymorphic compounds are obtained starting from the 
stoichiometric 2L BaMnOs compound by changing the annealing temperature and oxygen 
partial pressure during armealing A summary of the conditions under which the 2L 
structure transforms to various oxygen deficient polymorphs is given in Table 1.2. 

1.1.2 Magnetic Structure 

(a) LaMnOa+i, 6 > 0 

The parent antiferromagnetic insulator LaMnOa contains Mn^"^ ions with elctronic con- 
figuration tjj e^. Among the four 3d electrons on the Mn sites, the three t 2 g electrons 
occupy the tightly bound d^y, dy, and d^- orbitals with very little hybridization with the 
oxygen 2p states and can be considered as a local spin of 3/2. The remaining electron 
occupies the e^ state made of the dx 2 ^y 2 and d 32 orbitads and is strongly hybridized There 
is a strong exchange interaction Jjy (Hund’s coupling) between the 3d t 2 g local spin and 
the 3d Bg conduction electrons which may hop from site to site and lead to a site spin 
S=2. The magnetic structure of LaMnOs+i has been analyzed by various workers [2, 19, 
38-39, 60]. The neutron diffraction measurements show that the stoichiometric compound 
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Figure 1.5: The magnetic structure of LaMnOs, indicating only the manganese atoms [2]. 

which is orthorhombic from crystallographic point of view, orders antiferromagnetically at 

~140K below which some degree of canting of Mn^"^ spins leads to a parasitic ferro- 
magnetism. The magnetic space group symmetry of LaMnOs is Pn'ma' [2]. The magnetic 
structure of LaMnOs is A-type as illustrated in Fig.1.5. It consists of ferromagnetically 
ordered sheets of Mn^"*" spins such that the spins in successive sheets are ordered antifer- 
romagnetically. The magnetic unit cell is doubled in the c-direction of the chemical cell. 
The nearest neighbours for each Mn ion are two ions with antiparallel spins and four with 
parallel spins. The moment directions lie within the ferromagnetic sheets. The recent neu- 
tron diffraction studies of LaMn 03 +<s by Ritter et ai. [61] are also in good agreement with 
the above structure. The magnetic structure of non-stoichiometry LaMnOs 12 is different 
from the stoichiometric compound [39]. 

The recent structural work of Huang et al. [60] shows that anneaUng the stoichiometric 
LaMnOs oxygen introduces small amount of additional oxygen in the system. This 
additional oxygen appears to be accommodated by the creation of La and Mn vacancies in 
the structure, this has the effect of changing the magnetic structure from antiferromagnetic 
to ferromagnetic, while crystallographically the orthorhombic splitting is first reduced in 
size as the number of defects increases and then a monocHnic-rhombohedral structure is 


formed. 
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(b) Lai-^A^MnOj, (A = Ca, Sr, and Ba) 

A full investigation of the properties of the senes of perovskite compounds Lai-zCaxMnO'j 
has been made by several workers. In early fifties WoUan and Koehler [2] tried to establish 
the magnetic structure of this series. Their work shows that in La^^Mn'^‘*'0.3 which is 
one end member of the series, the maganese exists entirely as the Mn^"*" ion. As one 
proceed to increase x through the series, Mn^"^ ion is continuously replaced by Mn"^”. All 
Mn'^"^ sites are converted to Mn^'*' sites when x reaches the value 1, which corresponds 
to CaMn 03 . This Calcium based manganite is also antiferromagnetic but has a type-G 
structure [Fig.1.6]. A G-type antiferromagnetic unit cell is shown in Fig. 1.7(a). The sheets 
of Mn'^~ ions now contain both + and - spins and the magnetic cell is twice as large as 
the chemical cell in all the three directions. Each ion has six antiparallel nearest 

neighbours and the structure may be regarded as two interpenetrating face centered lattices 
with the spin directions oppositely directed in the two cases. The moments lie in some 
undetermined direction within the layer planes. At intermediate compositions, a number 
of different ferromagnetic and antiferromagnetic structures including mixed phases occur. 
With increase of Mn^"^ content, the A type magnetic structure of LaMnO.3 is gradually- 
replaced by a simple ferromagnetic structure B [illustrated in Fig.1.6] in which all the 
moments are parallel and which is the sole phase present for an Mn*^"^ content of 40 per 




A B 








Figure 1.6: Octants of the various magnetic unit cells foimd in the series of perovskite-type 
compormds Lai_iCaa;hIn 03 . The filled and open circles indicate oppositely directed mag- 
netic moments [2]. 
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Figure 1.7; (a) The magnetic unit cell of G-type antiferromagnet. (b) The full magnetic 
unit cell of the type-C phase, for which two axes are doubled compared to the chemical 
cell in the Lai-^jCa^MnOa system. 

cent. Proceeding from the Ca end of the system, the type G structure of CaMnOa is 
replaced, at 80 percent of Mn^"^, by the structure shown as type C, which requires a 
doubling of the unit cell in two directions as seen more clearly in Fig. 1.7(b). In the central 
region of the phase diagram (for x~0.5) a much more complicated antiferromagnetic phase 
is found. 


(c) BaMnOa 

Neutron diffraction measurements of Christensen and Olliver [59] show that BaMnOa (2H) 
is antiferromagnetic below 150 K. The volume of the magnetic cell is three times that of the 
chemical cell and contains six manganese atoms. Each manganese atom has two nearest 
manganese atoms perpendicular to the basal plane at a distance of 2.403 A. In the basal 
plane, each manganese atom has six nearest manganese atoms at a distance of 5.694 A. 
The structure consists of face sharing MnOe octahedra stacked in the c (see Fig. 1.8). These 
authors have proposed a model for an antiferromagnetic arrangement of the manganese 
spins. The spin of the manganese atom at the position (0, 0, 0) is opposite to the spin of 
the manganese atoms at the positions (|, |, 0) and (|, |, 0). 
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(a) (b) 


Figure 1.8. (a) Atoms in the (110) plane of the chemical unit cell of BaMnOa; (b) Relation 
between the chemical and magnetic unit cell and positions of the manganese atoms in the 
magnetic cell, the other atoms have been omitted [59]. 

1.1.3 Magnetic Ordering Temperatures and Electrical Conduc- 
tion 

(a) LaMn03+5,<f > 0 

The magnetic behavior of LaMn 03 +^ has been reported by several authors [19, 21, 22. 
36, 42, 61, 62]. Tofyer and Goodenough [21] have measured the magnetic and transport 
properties of LaMnOs+tf with S in the range of 0-0.18. These studies indicate that all 
the samples exhibit a ferromagnetic Weiss constant 9p that increases with 5. The tem- 
perature at which a long-range magnetic order sets in ranges from T^r = 135K for 6 = 
0 00 to Tc = 240K for S = 0.18. Each sample shows a ferromagnetic component below 
the ordering temperature. The Curie temperature of the samples with 0.05< 6 <0.11 
are at about 170-180K. The saturation magnetization for LaMn 03+5 increases with 6 to 
a maximum value of ~3.25/iB around ^=0.12. But for ^>0.12, it decreases with increase 
in 6. The structural and magnetic studies of LaMnOs+tf by Topfer and Goodenough show 
that below Tc three compositional domains can be distinguished; 0<5<0.07, 0.10<6<0 14 
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and 0.14< 6 <0.18. The first appears to contain ferromagnetic clusters embedded in an 
antiferromagnetic matrix giving rise to a spin glass (SG) type magnetic behavior. With 
the collapse of the cooperative static JT deformation associated with the 0 <orthorhombic 
structure the matrix becomes ferromagnetic, while some antiferromagnetic order remains 
in clusters of the material. In the range of 6 ~0 13 to S ~0.18, there is a transition of 
the charge carriers below Tc from polaronic behavior to a delocalized state and the system 
shows a metamagnetic behavior and a reduced magnetization. 

The studies of electron transport and magnetic behavior of nonstoichiometric LaMn 03 -^ 
are also reported by Mahendiran et al. [22] The cubic Lao 945 Mno .94503 (Mn"^" 33%) and 
rhombohedral Lao 96 Mno 9603 (Mn'^“ 24%) show sharp ferromagnetic transitions. The sat- 
uration magnetization of the cubic sample is 3.8 ^ 5 . The orthorhombic sample (5=0.02) is 
insulator at all temperatures. The resistivity data of the rhombohedral and cubic samples 
with 5=0.04 and 0.055 show distinct Tp, (Tp is the temperature corresponding to the re- 
sistivity peak for H=0 T) and a metallic behavior below this temperature. The magnetic 
ordering in nonstoichiometric Lai-^MnOa^.^ for 0.00< e <0.12 is studied by Hauback et al 
[36] using powder neutron diffraction method. They have reported three modifications of 
Lai_eMn 03 +^. First, the reduced (0.00< e <0.08) phase with JT deformed Mn®^ octahedra 
is orthorhombic (ORTl) and orders antiferromagnetically at ~140 K with ~3.4 fj-n- 
All samples of this type exhibit a parasitic ferromagnetism. Second, the fully oxidized 
samples have a rhombohedral (RH) crystal structure with ferromagnetic ordering at low 
temperatures; For example in the case of Lao 96 Mn 03 05 , the Curie temperature and satura- 
tion moment are T^ ~213±10 K and //jr=3.9±0.1 hb respectively. Third, for intermediate 
oxygen contents (partially oxidised) an orthorhombic structure (ORT2) forms, with minor 
distortions of MnOe octahedra. For LaMnO 3 08 of ORT2-type, ferromagnetic order occurs 
below Tc=125±10 K and ordered magnetic moment /rjr=2.46±0.04 

Ritter et al. [61] have established the magnetic behavior of LaMn 034.5 for 0< 5 <0.15. 
Th compounds with 5=0, 0.025, and 0.07 are orthorhombic in the temperature range of 
1.5K - 320K. In the neutron thermo-diffractograms of the compound with 5 = 0, one can 
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notice the presence of extra magnetic peaks below Tiv=140 K. This indicates the existence 
of long-range antiferromagnetic ordering For the compound with 5=0.025, antiferromag- 
netic peaks appears at the same positions as in the 5=0 sample at T^v = HO K. However, 
the 5=0.025 compound also shows a ferromagnetic contribution to scattered intensity. The 
authors have attributed this result to a coexistence of ferro and antiferromagnetically or- 
dered regions at low temperatures or to the existence of a canted spin structure for 5=0.025 
compound. The refinement of the neutron diffraction data at the lowest temperature gives 
a value of 1.48 iib for the ferromagnetic component and of 2.52 hb for the antiferromagnetic 
component. For the 5=0.07 compound, the refinement of the low temperature spectrum 
yields a very small antiferromagnetic component of 0.25 [Xb- A large ferromagnetic con- 
tribution is observed below Tc=160 K, which reaches a value of 3.25 /rs/Mn at the lowest 
temperature. For 5=0.1 compound, a small ferromagnetic contribution is observed below 
Tc=150 K. The compound with 5=0.15 contains the maximum oxygen content i.e. the 
largest number of La and Mn vacancies. The compound orders ferromagnetically, however 
the saturation moment is small. Since the neutron thermo-diffiractogram of this compound 
does not show any peak due to antiferromagnetic ordering, the small value of the ordered 
moment can not be ascribed to spin canting The susceptibility plot of this compound 
shows a cusplike anomaly at T=50 K [61], also the magnetic irreversibilities observed in 
the field-cooled and zero-field-cooled magnetization meaurements suggest the existence of 
a disordered cluster-glass state. 

(b) Lai_,,A,,Mn 03 , (A = Ca, Sr, and Ba) 

The doped manganites exhibit a great variety of magnetic and transport properties that 
strongly depend on the stoichiometry and the structure of the material [9, 63-70]. Doping 
of the parent compound LaMnOa with divalent alkaline earth cations (A’’*'), such as Ca^~, 
Sr^''" or Ba^'*' causes the conversion of a proportional number of Mn^'^ to Mn^"^. The 
doped compounds in a certain range of composition show upon cooling both ferromagnetic 
(FM) and metallic behavior, together with CMR effect near the ferromagnetic ordering 
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temperature [9, 63, 66] The Double Exchange (DE) mechanism was proposed by Zener 
[62] and other workers [71-72] to explain the simultaneous occurance of ferromagnetism and 
a metallic state in the doped compounds. In pure LaMnOs, kIn'^'*'-0“"-Mn’^'*" couphng is 
weakly ferromagnetic within an Mn-0 plane and antiferromagnetic across the plane (type- 
A antiferromagnetism [2]) as mixed semicovalent and ionic exchange takes place in hln^'- 
across a plane [35]. This is in contra.st to CaMnOs or SrMnOs systems, where 
Mn'^‘''-0'“-Mn'’^'^ exchange is purely semicovalent (intraplane as well as interplane) and 
hence the coupling is antiferromagnetic with each Mn ion coupled to six nearest neigh.Dors 
(type-G antiferromagnetism). Within the parent LalVInOs system, as kln^"^ concentration 
increases (or holes are doped at k'In^“), strong ferromagnetic coupUngs develop in ]Mn^“- 
O'^-Mn^'*' bonds as holes hop from Mn^"^ to Mn^"*" (or extra electron on Mn^'*' travels back 
and forth between the two Mn ions) via 0^~ with the lining up of local spins in parallelism 
which renders Mn^'^-O^'-Mn^'*’ bonds metalHc [Fig. 1.9]. 

In recent works [73-75], it has been pointed out that in addition to the DE mechanism, 
a strong electron-phonon interaction arising out of the JT splitting of outer Mn d levels 
plays a crucial role in deciding the magnetic and electronic state of the material, especially 
at temperatures near and above Tc. Such an interaction is shown to have a strong effect 
in controlling the CMR. 

The magnetic phase diagram of Lai-xCa^MnOs for 0<x<l, over a broad range of 
temperature and field has been established by Schiffer et al. [9]. Structurally, there is 

e" 



Figure 1.9: Double exchange mechanism in manganite system. 
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a complete solubility between CaMnOs and LaMnOs- Iii its magnetically ordered state, 
the solid solution becomes metallic for 0.18<x<0.5. For 0<x<0.1 and ^ > 0, the material 
is ferromagnetic at low temperature (T^ ~ 160 K) but remains electrically insulating. 
The compoimd shows large negative magnetoresistance for Ca concentration x=0. 20-0.45 
where it is metallic. The magnetic behavior at low temperature changes from ferromagnetic 
insulator to antiferromagnetic insulator when the Ca concentration exceeds 50 percent [76]. 
At Tjv, the inflection in p(T) curve indicates the charge-ordering transition. The charge- 
ordering of Mn^"^ and into two sublattices suppresses hole transfer and allows the 

system to enter an AFM state. 

There are a large number of recent studies on electrical conduction and magenetic 
ordering in Lai.^Sr^jlvInOs [10, 22, 77] system for x<0.4 where a single phase is formed. 
For the case of Lai-iSr^hlnOs as well, the substitution of Sr at La sites changes the Mn^“ 
ions to ions. This results in a ferromagnetic ground state with a Curie temperature 

Tc, which increases from 238 to 283 K with a small change in doping from x=0.15 to 
0.175. This behavior is qualitatively explained in terms of the double exchange interaction 
between Mn ions as discussed before. The electronic phase diagram of Lai-iSraMnOs has 
been summarized by Urushiba et al. [10]. Below the magnetic transition temperature, the 
phases can be divided into three regions; (i) the samples with small levels of Sr doping 
(x<0.1) are spin-canted antiferromagnetic insulator (CNI), (ii) for 0.1<x<0.15 the mate- 
rial is ferromagnetic insulator (FI), and (iii) the system is a ferromagnetic metal (FM) 
with higher doping of Sr (x>0.15). On the other hand, above the magnetic transition tem- 
peratures (T^• and Tc) the electrical behavior changes from insulating to metallic around 
x=0.3. 

A little is known about the magnetic phase diagram of Ba doped LaMnOs. Dabrowski 
et al. [47] have reported the magnetic and electrical properties of Ba-substituted polycrys- 
talline samples in the composition range x = 0.10-0.24 (in steps of Ax=0.02). The material 
orders ferromagnetically in the composition range x = 0.14-0.22. The magnetic transitions 
from the para- to the ferro- state are continuous and sharp for x = 0.14-0.22. Whereas, the 
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transitions for samples with, x = 0.10 and x = 0.12 are less regular indicating the existence 
of a canted ferromagnetic state, similar to that observed for the Lai_j:SriMn 03 compound 
witn X = 0.125 [24] and Lai.^Ca^MnOa with x ~ 0.1-0. 2 [42] The magnetic transition 
for the X = 0.24 sample shows an additional increase of magnetization at ^335 K. The 
authors speculated the increase in magnetization is due to the presence of a small fraction 
of the x~0.3 phase at the Ba-solubility limit in the perovskite phase. With increasing x, 
the material shows a gradual transition from nonmetalhc to metalHc properties that are 
marked by a resistive anomaly at temperatures that correlate very well with the magnetic 
transition temperatures. A recent work on this materials by Chakraborty et al. [79] shows 
the insulator-to-metal transition at a relatively higher doping level (x>0.2) than what is 
normally observed in the case of Sr or Ca substitution. However, the detail magnetic phase 
diagram over entire range of Ba doping (0<x<l) is lacking. 

(c) AMn03_5, (5 > 0 

As discussed previously, the crystallographic as well as the magnetic state of AMn 03 _^ is 
quite complex, and phenomenologically rich group of nonstoichiometric compounds can be 
derived from this perovskite structure [80]. The physical properties of these compounds 
depend on the nature of A cation and on the particular ordering of oxygen vacancies that 
affects the oxygen coordination of the transition metal ions. 

In the case of CaMnOs, early neutron diffraction measurements [2] show antiferromag- 
netic ordering at T;v = 110 - 130 K, and the paramagnetic susceptibiUty is consistent with 
the picture of a quenched orbital angular momentum and a high spin state with S=| for the 
Mn^'*' ions. Magnetic measurements below Tw indicate a Dzyaloshinsky type [81] parasitic 
ferromagnetism due to canting of Mu'*"*" spins [49]. While SrMnOa and BaMnOa have also 
been argued to order antiferromagnetically at low temperatures, neither compound shows 
the characteristic cusp in susceptibility, associated with the Neel ordering [59, 54]. For 
BaMnOs, neutron diffraction measurements of Christensen and Olliver [59] performed at 
77 K and 4.2 K show magnetic reflections whose intensity increases at 4.2 K. The authors 
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speculate that the system may have a partially ordered antiferromagnetic state below 150 
K. The magnetic behavior of various polymorphic forms of SrMnOs and BcLMn 03 com- 
pound have not been studied atall. The electronic behavior of these compounds is also 
poorly understood. 

1.1.4 Light Scattering and IR Absorption Studies on Lai_a;A 2 ;Mn 03 

Despite a great deal of interest on magneto- transport and magnetic ordering in Lai-iA^MnO^ 
materials, surprisingly little work has been done on the studies of phonon modes in these 
systems. The local coordination of Mn ions in the doped materials has been probed with 
X-ray absorption spectroscopy and extended X-ray absorption fine structure measurements 
[8, 82]. Some information about optical phonons in Ca- and Sr- doped lanthanum man- 
ganite has been inferred from measurements of infrared (IR) reflectivity [83-86]. The first 
report related to the Raman scattering study of the doped Lai-iA^MnOs compound [87] 
did not show any signature of optical phonon modes present in this system. One of the 
possible causes of this absence could be due to the detection system (i.e. photomultier 
tube) used in this experiment, which is not sensitive enough for the detection of weak 
signals. Other possible reason is the small penetration depth of the excitation radiation as 
well as a pseudocubic symmetry of doped Laj-iAMnOa materials, both of which result 
in an extremely weak Raman scattering signal. The Raman active phonon modes in the 
orthomanganites have been studied very recently (in parallel with our studies) by Ihev et 
al. [88] and by Podobedov et al [89]. Yoon and coworkers [90] and Granado et al. [91] 
have shown various Raman active modes in undoped as well as Ca, Sr and Pb doped man- 
ganites, the detection system for all those experiments consisted of liquid nitrogen cooled 
charge-coupled device (CCD) , which is sensitive enough to detect even a single photon. 

Raman Studies on Undoped LaMn 03+5 

The Raman active phonon modes in the orthorhombic LaMnOa have been investigated for 
various scattering configurations at room temperature [88] and also with the variation of 
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temperature [89]. Orthorhombic LaMn 03 belongs to the space group Dol (Pbnm) with 
four formula units in the cell [15, 92-93]. Invoking the crystal symmetry and Wyckoff sites 
occupied by different ions, the factor group analysis yield the following optical vibrational 
modes for the orthorhombic LaMnOs : 

7 + 5 Bf/ + 7 + 5 Bf/ + 8 A,, -P 9 B(^ + 7 B^^ -b 9 Bf^. 

Of the total 60 F-point phonon modes, 24 are Raman active modes (7 A^ -f 5 Big + 7 B 2 g 
+ 5 B3^). 

Ojcygen rich LaMnOs^^ can exist in two symmetries viz. rhombohedral and cubic 
depending on the value of S. The factor group analysis for the rhombohedral symmetry" 

(R3c) with two formula units in the cell for LaMn 03 +^ [44, 94] yields the following 
optical vibrational modes : 

Af/ + 2 Ai„ -b 3 A^^ + 4 Ef + 5 + 3 As^. 

Out of these, Ai^ and 4 are Raman active phonons. Ihev et al. [88] reported the room 
temperature Raman spectra of rhombohedral LaMnOs showing broad peaks at 220, ~490 
and ~610 cm~^. However, the last two peaks are not observed in the measurements of 
Granado et al. [91] from the fresh surfaces of rhombohedral samples. They argue that 
the spectra reported for the rhombohedral LaMnOs+i by Iliev et al. [88] may be due to 
orthorhombic distortions present in the samples We started Raman measurements on 
Ba doped manganites in parallel with the work of Iliev et al.. Our measurements of both 
orthorhombic and rhombohedral LaMn 03+5 samples are in good agreement with the results 
of Iliev et al. [88]. These results will be discussed in the subsequent Chapters. 

For the cubic sy mm etry LaMnOs+i which belongs to space group 0^ (m3m) with one 
formula unit in the primitive cell [84, 95], the group theory does not allow any first order 
Raman active modes. The vibrational phonon modes for this system are; 


3 -b F2„. 
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Figure 1.10: Raman allowed phonon modes for ABOz compounds with Pbnm or Pnma 
structure [88]. 
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The temperature dependent polarized Raman spectra from tmdoped and Sr and Ca 
doped LaMnOa single crystals are reported by Podobedov et ai. [89]. Their Raman spectra 
from the undoped LaMnO^ structure distorted by the static JT effect are consistent with 
the orthorhombic space group The observed frequencies are centered at 96, 142, 149, 
210, 260, 333, 450, 484, 493, 609 and 675 cm“h One of the interesting observations of 
this work is the additional band at 675 cm~^ that is usually stronger in z-axis related 
geometries, exhibits a weak polarization dependence. The above features are also observed 
in the spectra of the doped materials, and have been attributed to the second-order Raman 
processes. Another important finding of this work is the anomalous behavior of a low 
frequency band (~309 cm~^) with the variations in the type and concentration of the 
dopant ion. The low frequency band shows a large shift (more than 50 cm"^) as the 
doping increases from 0.1 to 0.3 and also by changing the dopant from Ca to Pb. The 
anomaly of the low frequency band is due to the nature of interaction between La/ A ions 
and MnOe octahedra. The increase of ionic radius of A atom strongly effects the force 
constant in La/A-MnOs vibrational system. This effect explains the corresponding change 
in the Raman shift of the related low frequency mode. The most remarkable observation 
of the work by Podobedov et ai. [89] is the anomalous behavior of the strongest mode 
(~609 cm“^) in the temperature range 100-140K This mode shows an abrupt frequency 
shift near ~140 K which corresponds to the Neel temperature of the system. Podobedov 
et ai. have explained this observation in terms of spin-lattice interaction, which arises from 
the stabilization energy required to bring the MnOe octahedra to a particular structural 
configuration. This stabilization energy is determined by the relative orientation between 
the Mn spins of near-neighbor Mn02 planes. With the magnetic transition from para to 
canted antiferro in LaMnOa, the MnOe octahedra change accordingly in response to the 
antiferromagnetic ordering of the Mn spins. 

The studies of infrared spectra on the orthomanganites were reported for the first 
time by Subba Rao et al. [96]. The spectra of a few RMnOs (R=La, Pr, Nd, Ho, Yb and 
Y) are compared with those of Mn 203 . All the orthomanganites show absorption bands 
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Figure 1.11: Normal modes of vibration, of octahedral MnOe molecules. 

which are generally broader than those of the chromites. There axe no major bands in the 
region 4000-800 cm~^ but several characteristic bands are observed in the 700-200 cm"^ 
region. The more intense bands in the 670-500 cm“^ region are expected due to the Mn-0 
stretching modes. The shoulder at ~620 cm“^ in Mn203 appears as a shoulder in the lighter 
manganites but becomes a well defined band in the heavier rare earth manganites. The 
strong broad band ~608 cm"^ of Mn203 is observed at ~590 cm~^ in all the manganites. 

The infrared transmission spectra of poly crystalline Lai-^Ca^MnOs system over a 
wide range of concentration at room temperature have been reported by Li et al. [86]. 
Two strong absorption peaks located around 600 and 350 cm“^ are observed which are 
characteristic bands of ABOz perovskite oxides [96-99]. These peaks are associated with 
the internal phonon modes i.e. stretching and bending modes of the MnOe octahedra. 
The octahedral MnOe belongs to space symmetry 0®. For this seven atom-molecule, six 
vibrating modes [100] are illustrated in Fig.1.11, where the first three modes are stretching 
modes and the other three are bending modes, but only two of them {pz ^tnd p^) are IR 
activated. 

The temperature dependent reflectivity spectra of Lao 7Cao.3Mn03 compounds are 
reported by Kim et al. [84], The spectra consist of three main phonon bands located at 
70, 330 and 580 cm~h The Fi„ phonon modes are called external, bending or stretching 
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modes depending on the types of collective motions. The external mode, located at ~70 
cm~^ represents vibrating motion of the La(Ca) ions against the MnOe octahedra. The 
bending mode located at 330 cm“\ reflects an internal motion of the Mn cJid 0 ions 
located along a particular direction against the other oxygen ions in a plane perpendicular 
to the direction. This mode is strongly affected by a change of the Mn-O-Mn bond angle. 
The stretching mode located near 580 cm~^ corresponds to an internal motion of the Mn 
ion against the oxygen octahedron, and is sensitive to the Mn-0 bond length [83] The 
internal phonon modes of MnOe octahedra in this compound show a signiflcant frequency 
shift near the Curie temperature. 

1.2 Focus of the Present Work 

The review of the literature in the preceeding sections indicates that the charge, spin 
and orbital degrees of freedom in the perovskite manganites Ri-^AiMnOs lead to a rich 
variety of physical phenomena. Amongst the family of ili_ 3 :A 2 :Mn 03 , the Ca and Sr doped 
materials have been studied extensively and these two systems show considerable variance 
in their properties owing to the difference in the ionic radius of the divalent dopant. The 
divalent metal Ba, because of its much larger ionic size compared to the ionic radius of 
Sr or Ca, is expected to distort the perovskite cell much more strongly and therefore 
affects all physical properties of the system. The key focus of this thesis is to study the 
phase stability, lattice vibrations and magnetic behavior of Lai-iBasMnOs system. In 
order to provide a better understanding of the correlation between atomic structure and 
physical properties, we have utilized two principal spectroscopic techniques viz. Raman and 
infrared absorption spectroscopy to study the lattice dynamics of the Ba doped lanthanum 
manganites. The granularity, structural as well as magnetic, seem to play an important 
role in electronic transport in these systems, particularly the spin polarized transport. The 
Ba-doped materials also provide a unique granular system in a certain composition range. 
We have carried out the magnetic measurements on all the samples over a wide range of 
temperature and magnetic field strength in order to establish the ordering of Mn^"^ and 
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spins on a local and global scale. The .specific objectives of this thesis are as follows; 

1. To study the formation of different crystallographic phases and their characteristic 
Raman and infrared spectra in the manganite system Lai-^BaiMnOs for x in the 
range of 0<x<l. 

2. To study the behavior of Raman active phonon modes of the Jahn-Teller distorted cu- 
bic perovskite LaMnOs and to establish the changes in these modes as the distortion 
is gradually removed with excess oxygen. 

3 To establish the critical Ba concentration beyond which the perovskite cell becomes 
unstable. 

4. To estabhsh the effects of oxygen disorder and vacancies on the IR and Raman active 
modes of the compound BaMnOs. 

5. To study the onset of ferrc-p'or'^-'-’^r'' in Ba substituted LaMnOs and elucidate the 
influence of ionic size on the ordering temperature. 

6. To establish the magnetic state of the two-phase region and study magnetic granu- 
larity of the material. 

7. To study the influence of magnetic ordering on the local atomic arrangement through 
studies of the temperature dependence of the Raman active phonon modes in JT 
distorted LaMnOs and various hexagonal polymorphic forms of BaMnOg compounds. 

1.2.1 Organization of the Thesis 

The rest of the thesis is organized as follows : Chapter 2 deals with the description of the 
experimental techniques used in this work, which is followed by the details of the sample 
chracterizations in Chapter 3. Various crystallographic phases that are formed in the Ba 
doped LaMnOg for wide composition range of Ba are also discussed in this Chapter. 

Chapter 4 presents the results of Raman and infrared spectroscopy measurements 
on the Lai_ 5 ,BnjMnOg system. The appearance of a hexagonal BaMnOg phase in the 
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background of cubic LaoesBaossMnOs for 0.35 <x<l is discussed and compared with, the 
XRD results. A brief outline of the factor group analysis of zone-center vibrations for all 
the structural symmetries of these materials is presented in this Chapter. The behavior 
of various vibrational modes in Lai-iBa^MnOs compounds is discussed in the framework 
of group theory. The controversy regarding the correct space group for BakInOs (2H) is 
resolved through systematic studies of Raman and IR spectra of this compound. 

In Chapter 5, the magnetic behavior of Lai-xBa^MnOa is discussed. The magnetic 
ordering effects in the two end members of this series are reinvestigated. The magnetic 
behavior of the single and two-phase Ba doped compounds is also established. Magnetic 
granularity, superparamagnetism and an effective medium approach for the susceptibility 
of the two-phase mixture are also presented in this Chapter. 

Chapter 6 deals with the low temperature lattice dynamic study of lanthanum bar- 
ium manganites. This Chapter addresses the behavior of phonon modes at the magnetic 
ordering temperature. The temperature dependence of the frequency and linewidth of var- 
ious Raman active modes are discussed in the framework of anharmonicity in vibrational 
potential energy of the lattice. 

Chapter 7 summarizes the results of the present work. 



Chapter 2 

Experimental Techniques 


2.1 Introduction 

An overview of various experimental techniques used to study the crystallographic and 
magnetic phases and phase transformations in the barium doped lanthanum manganite 
system is given in this Chapter. Emphasis is also placed on the sample preparation tech- 
nique since the properties of these manganites are highly sensitive to processing conditions 
such as temperature and oxygen partial pressure. Since the optical scattering cross sec- 
tion of the manganites, particularly of the metallic phases, is quite low special care had 
to be taken while collecting the Raman scattering data. Various sample characterization 
techniques such as powder X-ray diffraction (XRD), infrared absorption (IR) and scan- 
ning electron microscopy (SEM) are also described. For the measurements of magnetic 
moment, techniques such as vibrating sample magnetometry (VSM) and Superconduct- 
ing Quantum Interference Device (SQUID) magnetometry have been used. The details of 
these experiments are formulated briefly. 
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2.2 Method of Sample Preparation 

The perovskite manganite materials studied in the present work qualify as electrical and 
magnetic ceramics. There are several techniques available for preparation of such ceramics. 
Some of the commonly used techniques are as follows; 

1. Solid state reaction method or ceramic technique. 

2. Solution technique, which comprises of 

• Co-precipitation method 

• Sol-gel method 

• Freeze drying method 

• Co-decomposition method. 

3. Crystal growth technique like floating-zone method. 

4. Various thin film growth techniques such as laser ablation, sputtering, chemical 
vapour deposition etc. 

For the present studies, samples were prepared by the standard soHd state reaction 
method. The critical steps involved in preparation of manganite samples with this tech- 
nique are described as follows; 

2.2.1 Calcination 

The oxides, carbonates or hydroxides of the relevant metals are first weighed to achieve 
the desired metal ion stoichiometry and then mixed properly in an agate mortar in order 
to achieve homogeneity. This initial decomposition of stable starting powders, by heating 
below their melting point is known as calcination. The powders to be calcined are not 
normally pressed to ensure easy escape of CO 2 and moisture. The compoimd forming 
reaction does not go to completion in one step partly owing to small contact areas at 
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interfaces between grains. Repeated mixing, pressing and grinding are required to form a 
homogeneous sintered product. 

2.2.2 Pelletization 

Pellets are made by applying axial pressure with a hydraulic press to powder in a die. The 
effects of the pressure are; (i) a reduced pore size, (ii) break up of particles especially at 
surfaces in contact, and (iii) introduction of strain and plastic flow. Often microscopic 
pressure gradients developed across the pellet during the pelletization tend to produce 
cracking, and hence the value of pressure must be optimized. The pellets are placed on 
chips or powder of the same material to avoid conta min ation from underlying brick during 
firing. Cracks, introduced by inhomogeneous compression, tend to grow during sintering 
for reasons of stress relief. 

2.2.3 Sintering 

In sintering, the grains in adjacent particles react and bound. In ceramic systems, the 
reaction generally occur at the interfaces between different phases and are therefore het- 
erogeneous. Repeated grinding, mixing and re-sintering are done to make a reaction to go 
for completion so as to form a single phase. Surface contact between particles is maximized 
by pressing the powder before sintering. The dominant physical factor controlhng sintering 
is temperature. In traditional ceramics a typical sintering temperature is three-quarters of 
the melting temperature expressed on the absolute scale. 

2.2.4 Methodology for Lai_a;Baa;Mn 03 samples : 

The starting material, La 203 (99.9%), BaCOs (99.9%), and Mn 203 (99.9%) from Aldrich 
Chemicals USA taken in stoichiometric proportions were thoroughly mixed in a motorized i 
agate mortar. The powder was then calcined at 1000°C, reground and calcined again three | 

times following the same steps. The calcined powder was then pelletized in the form of 3 ; 

and 6 mm diameter discs. These discs were annealed in air at 1200°C and in some cases 
at 1350°C for 5 hr., in oxygen at 1100°C for 8 hr. and finally cooled to room temperature ! 
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in flowing oxygen at a rate of 2“C/niin. In order to minimize S in samples of LaMnOa-^, 
a separate set of samples was synthesized by carrying out the calcination and annealing 
steps described previously in flowing argon gas (99.99%) environment. These samples were 
then oxygenated at several temperatures in the range of 600-1100 °C. 

.In BaMnOa-^ samples, the oxygen concentration was varied by quenching the oxy- 
gen rich stoichiometric BaMnOa from various temperatures e.g. 1400, 1320. and 1200‘^C 
to room temperature in air. A set of BahlnOa-s samples with different 6 was synthe- 
sized by performing all the annealings viz. calcinations and sintering in the enviromnent 
of argon gas (99.99%). The equations of chemical reaction for LaMnOa, BaMnOa and 
Lai-iBajjMnOa compounds are given below : 

^TaaOa + ^MrioOz — > LaMnOz (2.1) 

2iB(iCO^ “f* MTi20^ H — Oo — ^ 2C702 (2-2) 

— T — Lcl20z 4“ xBdCOz 4“ "zMtloOz — ^ Lcli^xBclxMtiOz 4“ COo (2.3) 

In LaMnOa+ij compound, the oxygen nonstoichiometry d is not simply oxygen excess 
rather metal-ion vacancies [38]. The defect chemistry of this material is scanty. Incorpo- 
ration of oxygen excess in LaMnOa+f coincides with the formation of La and IvIn vacancies 
in combination with the partial charge disproportionation of Mn^'*' into lvln“~ and Mn^~ 
[101]. The average Mn valency in excess of 3-1- can be estimated from wet-chemical redox 
titration. In some cases the overall Mn^"*" content is used as a measure of the nonstoichiom- 
etry. 

2.3 Sample Characterization Techniques 

The techniques used for characterization of the samples include (i) X-ray diffraction mea- 
surement (XRD), and (ii) Scanning electron microscopy (SEM). These techniques are de- 
scribed in the following; 
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Table 2.1: Operating parameters of X-ray diEractometer 


Electron beam voltage and current 

30 kV, 20 mA 

Detector scanning speed (SS) 

0.6 °/min. 

Chart speed (CS) 

0.6 cm/min. 

Counts per min. (CPM) 

5k 

Time constant (TC) 

10 sec. 


2.3.1 XRD Measurements 

The powder X-ray diffraction technique has been used to analyze the crystallographic 
phases present in the sintered pellets and to determine their crystal structure and lattice 
parameters. The XRD measurements were carried out using a {9 — 29) X-ray diffrac- 
tometer (Rich Seifert Iso-Debyeflex 2002, Germany). This instrument had a CuKq source 
(A=1.5418A) and a Ni foil monochromator. The typical XRD scan parameters used are 
listed in Table 2.1. 

Sintered pellets are powdered to reduce the effects of preferential orientations in the 
scattering intensity. The powdered sample is spread evenly on the surface of a glass slide. 
A few drops of methanol are added in the powder so that it sticks to the glass slide. The 
XRD plots are recorded in a 29 range of 20° to 70°. The 29 values corresponding to the 
position of diffraction peaks are noted and the interplanar spacing d is calculated using 
the Bragg’s law 

nX = 2dsin9 (2.4) 

where n is the order of diffraction, A is the X-ray wavelength, and 9 is the diffraction angle. 
The relative intensities of the peaks are also measured relative to the most intense peak 
whose intensity was assumed to be 100- The calculated ‘d’ values and the correspond- 
ing relative intensities are compared with the standard powder diffraction data (powder 
diffraction file). The diffractometer was calibrated using high purity sihcon powder as 


standard. 
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Determination of Lattice Parameters 

For cubic system the lattice parameter (a) has been calculated from the following equation 
for the interplanar spacing; 

1 h- + k^- + f , 

( 2 . 0 , 


dlki 


a- 


where is the interplanar distance and a is the lattice parameter. 

For rhombohedral system the (110) and (006) planes have been used to determine 
the lattice parameters. If h, k, 1 are the h'liller indices of rhombohedral system then the 
corresponding indices for the hexagonal system are given by the following equations 

H = h-l 


K = k-l 

L = h k 1 


( 2 . 6 , 


For hexagonal system one can write [102] 


sin^Q = 


A2 


A{H- + HK + K"-) fr- 

2 

•H 


3ai 


(2.7; 


where a^ and cjj are the hexagonal lattice parameters. Now knowing at least two sets of 
(H, K, L) values and corresponding Bragg’s angle the values of the lattice parameters can 
be determined. 

The rhombohedral lattice parameters are determined from the following equations 

cLji — ( 2 . 8 ) 


. / ^ \ 
s%n{-) = 


^ 2\/3 + {cuJajjY 


(2.9) 


For orthorhombic system, the basic equation governing the sin^0 values is 

sin^9 = Ah^ + Bk^ + Ct^ 


( 2 . 10 ) 
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where the three unknown constants A, B, and C are related to the A and lattice parameters 
a, b, and c as; 

Considering any two Lines having the same hk values one can solve Eq.(2 10) to obtain 
value of C and accordingly c. Then taking 9 values of two lines having the same kl one 
can obtain a, similarly b can also be calculated using Eqns.(2.10 and 2.11). 

2.3.2 Scanning Electron Microscopy (SEM) Measurements 

Microstructure observations like the presence of cracks, voids etc. in the samples as well as 
measurements of grain size have been done using a scanning electron microscope (JSM 840 
A, JEOL, Japan) . Scanning electron microscopy primarily involves imaging of secondar>' 
electrons which are emitted from the sample when a beam of energetic electrons hits it. 
The energy distribution of the secondary electrons is sharply peaked at low energies of 
below a few eV, and can be used to examine the topography of a sample. The slow 
secondary electrons are extracted by a high potential applied to a scintillation detector 
system and secondary electron images are generated by synchronizing the optical output 
of the detector system with raster of the electron probe across the sample. The insulating 
sample could not be directly observed under SEM due to charging effects. For this purpose, 
the sample surface was coated with a thin layer of silver. The SEM photos were generally 
taken under two magnifications, one at high and another at low. The low magnification (~ 
500) gave overall picture of the surface of the sample while the high magnification (~ 15. 
000 or 30, 000) pictures were used to calculate grain size. The typical operating conditions 
of the SEM are given in Table 2.2. 
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Table 2.2: T3q3ical operating parameters of SEM study 


Accelerating voltage 

10-15 kV 

Beam current 

0.3 nA 

Working distance 

7-15 mm 

Magmfication 

200 to 50, 000 times 

Mode of imaging 

Secondary electrons 


2.4 Magnetization Measurements 

Magnetization measurements of all the samples as a function of temperaure and applied 
magnetic field were performed using the following commercial magnetometers : 

• Quantum Design SQUID magnetometer MPMS-system. 

• Quantum Design extraction maanctomctr’- PPMS-system. 

• Vibrating sample magnetometer (VSM). 

Quantum Design’s magnetic property measurement system (MPMS) and physical property 
measurement system (PPMS) are highly integrated instrument systems designed to be a 
pr im ary research tool for study of magnetism in matter. The MPMS system includes 
several different superconducting components : 

• a superconducting magnet to generate large magnetic fields 

• a superconducting detection coil which couples inductively to the sample 

• a superconducting quantum interference device (SQUID) connected to the detection 
coil 

• a superconducting magnetic shield simrounding the SQUID. 
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2.4.1 SQUID Magnetometer 

A SQUID is the most sensitive device available today for measuring magnetic fields. How- 
ever, it does not detect directly the magnetic field from the sample. Instead, the sample 
moves through a system of superconducting detecting coils which are connected to SQUID 
with superconducting wires, allowing the current from the detection coils to inducfively 
couple to the SQUID sensor. When properly configured, the SQUID electronics produces 
an output voltage which is strictly proportional to the current flowing in the SQUID inpur 
coil. Hence, the thin film SQUID device, which is located approximately 11 cm below 
the magnet inside a superconducting shield, essentially functions as an extremely sensitive 
current to voltage convertor. 

2.4.2 Vibrating Sample Magnetometer (VSM) 

A vibrating sample magnetometer is a device in which the sample is vibrated in a uniform 
magnetizing field, and the magnetization of the sample is detected with a set of pickup 
coils. It allows precise magnetization measurements to be made as a function of temper- 
ature, magnetic field strength, and crystallographic orientation. However, the sensitivity 
of this technique is much smaller than that of a SQUID magnetometer. The VSM used 
in the present study is from Princeton Applied Research model PAR-150A with a dc field 
capability of 1.8 Tesla. The block diagram of the VSM is shown in Fig.2.1. 

When a specimen is placed in a uniform magnetic field, a magnetization M is induced 
in the sample equal to the product of the susceptibility x and the applied magnetic field 
H i.e. 

M = xH. ( 2 . 12 ) 

If the sample is vibrated, say in a sinusoidal motion, an electrical signal due to the magneti- 
zation of the sample can be induced in stationary pick-up coils placed in a suitable position. 
The elctrical signal is proportional to the magnetic moment, the vibrational amplitude, 
and the vibrational frequency. The electronic system is designed so that variations in the 
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amplitude and frequency of vibration are accounted for, and a signal proportional only to 
the magnetization of the sample is monitored and displayed as sample magnetization. The 
VSM measures the total magnetic moment of the sample in electromagnetic units (emu^. 

VSM measurements were performed on 3 mm diameter pellets placed in a boron 
nitride sample holder. The temperature variation of magnetization was studied using a 
furnace assembly (model 151) associated with the magnetometer, which could provide a 
temperature upto 973 K. The sample temperature during measurements was controlled 
using a programmable temperature controller. The furnace chamber was evacuated using 
rotary and diffusion pumps during the process of heating. 

2.5 Infrared Absorption 

Infrared transmission measurements on all the samples were carried out using three differ- 
ent IR spectrometers. These are; 

1. Fourier- Transform IR Nicolet spectrometer for the spectral range 400-4000 cm“h 

2. PERKIN ELMER 783 spectrophotometer for the spectral range 300-4000 cm“h 

3. Shimadzu IR-420 spectrophotometer for 400-4000 cm"h 

The samples for IR transmission measurements were prepared by thoroughly mixing the 
finely ground powders of the manganites with dry KBr (or CsBr). The mixture was then 
pressed into transparent pellets of 0.5 mm thickness. Since factors such as particle size, 
refiractive index of the bromide matrix, adsorption, chemical reaction and mixed crystal 
formation etc. affecting the sample spectra [103, 104] taken using this method, care was 
exercized in the interpretation and analysis of the data. 

2-6 Raman Spectroscopy 

The experimental setup for Raman measurements mainly consists of; 

• Excitation source : Spectra Physics 5 Watt (all line) Ar"^ laser. 
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Figure 2.2; Schematic block diagram of the Ramaa setup with 180° scattering configirra- 
tion. 

• Spectrometer : Spex 1877 E Triplemate with two scattering configurations (90° 
and 180° geometries). 

• Detection system : Charged coupled device (CCD) and photomultiplier detector. 

• Low temperature stage : CTI-CRYOGENICS 8200 hehum compressor and model 
M-22 Cryotip, and Lake Shore model 805 temperature controller. 

A schematic diagram of the Raman setup with 180° scattering configuration is shown in 
Fig.2.2. 

2.6.1 Excitation Source 

The excitation source used for the Raman scattering measurements of the present work is 
a Spectra Physics model 165 (5 Watt) Ar'*' laser which comprises of model 265 exciter and 


NESLAB HX 500 chiller plant. 
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Table 2.3: Performance specification chart of 5 Watt Ar'*' Laser 


Specifications 

5 Watt Ar"^ Laser 

Beam diameter 

1.25 mm 

Beam divergence 

0.69 mrad 

Cavity length without prism 

1.00 m 

with prism 

1.05 m 

Polarization 

Vertical 

Mode spacing without prism 

149.6-150.5 MHz 

with prism 

142.5-143.3 MHz 

Input power 

3 phase with ground 

phase-to-phase voltage 

400 ± 8% 

Current 

38 A 

Watts 

13.1 kW 

Water flow rate 

8.4 lit/min. 

Water pressure 

30 psi 


Ar'*' Laser 

Spectra Physics model 165 (5 Watt) Ar'*" laser consists of a laser head [105] and model 265 
exciter [106]. The laser head contains a plasma tube of Beryllium oxide (closed at both 
ends by Brewster’s angle windows) , a solenoid, an optical resonator formed by a spherical 
reflector at the output end and a prism (to select wavelength) assisted by a fiat noirror ar 
the back end. With a start boost circuit (by 7 kV pulse), the exciter generates an initial 
discharge in the plasma tube. This exciter contains a regulated power supply that controls 
the ion discharge current in the plasma tube to provide constant laser performance. The 
electrical and water requirements of this laser and its optical characteristics are s umm arized 
in Table 2.3. The operating wavelength and power ratings of this laser are given elsewhere 
[105]. For scattering experiments on the manganite compounds the excitation wavelengths 
^exatation used wcre 514.5 and 488 nm laser lines. 

A chiller unit NESLAB HX 500 with a cooling capacity of 15.7 kW is used to cool the 
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laser head and the exciter electronics. The unit provides a continuous flow of deionized 
water at constant temperature (20° C) and pre.ssure (30 psi) to the laser head. The self 
contained unit consists of a stainless steel reservoir, temperature controller, recirculating 
pump and refrigeration system. The temperature stability is ± 0.1° C. The deionized water 
is cooled by the refrigerator coils immersed in it. It is circulated in a closed loop by the 
pump. The compressor is water cooled from an external tap. 

2.6.2 Spectrometer Setup 

The spectrometer setup for Raman measurement comprises of; (a) Tunable excitation filter 
(lasermate), (b) 1482 D Micromate (Micro-Raman illuminator), (c) the collection optics 
and (d) Spex 1877 Triplemate. 

(a) Lasermate 

The 1450 Tunable excitation filter is a compact grating monochromator used to eliminate 
plasma emissions from incident visible laser before the light passing through beam steering 
optics enters the 1482 D micromate and is focused onto the sample [107]. The specifications 
of the lasermate are given in Table 2.4. 


Table 2.4: Specifications for Lasermate 


Aperture 

3 mm 

Wavelength range 

200 to 633 nm 

Grating 

1200 gr/mm (12.7 mm x 12.7 mm) 
blazed at 500 nm 

Efficiency 

50 % at grazing blaze 

Exit slit 

120 pxa 

Bandpass 

0.5 nm 

Power input 

6 W maximum 
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(b) Micro-Raman Illuminator 

This provides a way to isolate the sample area with dimensions as small as 2 pm for study 
[108]. The sample is kept on the microscope platform where the laser beam is focused onto 
the sample. The Spex 1482 D Micromate equipped with a video camera and with 40X and 
lOX microscope objectives is used for sample viewing (video monitoring) in backscattering 
configuration. The illumination source suppfies incident radiation and the refiected light 
from the sample goes to CCTV camera. Whenever micromate’s internal selection mir ror 
is positioned to stear an image of the sample on to the camera, a neutral density filter 
automatically intercepts and attenuates the beam to reduce the risk of damage to the 
camera. When the neutral density filter is not in place, a quartz blank replaces it to 
preserve optical alignment. 

(c) The Collection Optics 

The scattered intensity from the samples has been collected using 90° and 180° scattering 
geometries. The collection optics in 90° scattering configuration [as shown in Fig.2.3(a)] 
is based on a segment cut firom an all reflecting ellipsoidal mirror. As such, its reflection 
is based on the geometrical properties of an ellipsoid. The mirror is positioned so that the 
sample is at one focus of the elUpsoid, and the entrance slit of the spectrometer at the 
second. 

In 180° scattering geometry the laser light is focused onto the sample using a lens and 
a plane mirror system [Fig.2.3(b)] and the scattered radiation is collected in the reversed 
direction. The Spex 1482 D Micromate supplies a way to focus the laser onto the sample 
and collects the back-scattered radiation to the entrance slit of the monochromator. The 
major advantage of back-scattering geometry is that once the whole system is properly 
ahgned, one simply has to place the sample at the instrument focus. Another advantage is 
that, as the incident light could be focused down to a spot of diameter ~ 2-3 pm, this in 
conjuction with a video image of the sample topography, allowed studies of the variations 
in the spectral content from grain-to-grain. 
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FigTire 2.3: Collection optics in (a) the 90° and (b) 180° scattering configurations. The 
inset in (a) displays the foci (S and Si) of the elUpsoid mirror. 

(d) Spex 1877 E Triplemate 

Raman monochromators are specially designed to provide low stray light and flat undis- 
torted focal plane, ideal for sensitive work. The Spex 1877 E triplemate is a spectrograph 
specially tailored to provide the above specifications successfully [109]. The triplemate has 
two main sections i.e. the filter and spectrograph stages. The filter stage consists of two 
modified Czerny-Turner 50 mm x 50 mm plane gratings having 600 grooves/mm, coupled 
in a subtractive mode, and giving a bandpass of about 1100 cm~^ on a 5 mm intermediate 
slit setting. The focal length of the stage is 0.22 m. It acts as a variable wavelength, 
selectable bandpass filter that feeds a non-dispersed segment of radiation from a sample 
into the entrance slit of the spectrograph stage. The spectrograph stage is a 0.6 m, single 
monochromator which disperses the radiation over the detector. It consists of an as)Tnmet- 
ric Czerny-Turner motmt with a 64mm x 64 mm plane grating having 1200 grooves/mm 
and is used to produce a dispersion of 1.4 nm/mm. To vary the dispersion and spectral 



2. Experimental Techniques 


47 


TO PMT 



Figure 2.4: Schematic optical diagram of the Spex 1877E Triplemate. 

coverage at the focal plane, the spectrograph has provision for mounting three gratings of 
different groove densities on a manually activated turret. The dispersed radiation is then 
detected by a liquid nitrogen cooled CCD or by a thermoelectrically cooled PMT The 
optical path of the triplemate is shown in Fig.2.4 and the specifications of the triplemare 
are given in Table 2.5. 

2.6.3 Detection System 

The detection system used for the present Raman measurements is a liquid nitrogen cooled 
Charge Coupled Device (CCD). The CCD is an ideal detector for multichannel detection 
of weak Raman signals [110]. It is an optical array detector, the operation of which is 
based on the accmnulation of photogenerated charge carriers [111]. The collected charge is 
transported sequentially to a single charge sensor and then recorded. The peak efficiency of 
this device is centered in the red or near-infrared spectral regions [inset of Fig.2.5], making 
the CCD an ideal detector for Raman spectroscopy applications. Along the focal plane of 
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Table 2.5. Characteristics of Spex 1877 E Triplemate 


Element 

Specificj 
Filter stage 

itions 

Spectrograph stage 

Mount 

(Czerny-Turner) 
Focal length 
Gratings 
Grooves/mm 
Dispersion at 514.5 nm 
Spectra range 
Accruracy 

Two, subtractive mode 

0.22 m 

50 X 50 mm' 

600 

185-1000 nm 
± 0.5 nm 

Asymetric 

0.60 m 

64 X 64 mm" 
1200/1800 

1.4 nm/mm 

54, 000-10, 000 cm"^ 
± 0.5 nm 



Figure 2.5: Cross section of Spectrum One CCD detector with 2 Uter dewar. The inset 
shows the efEcieacy curve of CCD. 
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Table 2.6: Specification of Spectrum One CCD 


Parameter 

Value 

Detector size 

Pixel size 

Precision 

Peak quantum efficiency 
Spectral response 

Read out noise 

Dark current 
Operating temperature 
Approx, focal plane location 

578 X 385 pixels 

22 X 22 pm 

16 bit 

50 % at 750 nm 

400 to 1000 nm 

4 to 10 electrons rms 

1 electron/pixel/hour 
-70 to -160° C (typically -140° C) 
9.5 mm behind mounting fienge 


the spectrometer, the CCD array (Spex Spectrum One) is mounted in a liquid nitrogen 
Dewar assembly [Fig.2.5] which cools the array for very low thermal noise level. The 2-liter 
capacity dewar is designed to keep the CCD sensor at a temperature ~140 K for 90 hours 
in a room temperature environment before refilling with liquid nitrogen. An interface unit 
[Fig.2.2] connects the dewar mounted CCD to the computer. The specifications of the 
Spectrum One CCD are given in Table 2.6. 

CCD Evacuation 

A loss of vacuum results in the insulation inability of the Dewar, it does not hold liquid 
nitrogen for specified time and the CCD array does not reach the required low temperature. 
To overcome this situation, the Dewar is evacuated periodically. 

CCD Limitation 

There are two serious limitations with the charge coupled device based detector systems. 
First, the CCD detectors are particularly sensitive to high energy photons and particles 
such as those in cosmic radiation. To m i n imize these events, the CCD may be covered 
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with foil/plates (preferrably aluminium) which can prevent cosmic rays from reaching the 
detector. The second problem is due to saturation of the device. This arises when one 
wishes to study weak Raman scatterers with very high background signal. 

2.6.4 Low Temperature Stage for Raman Measurements 

The low temperature Raman measurements on the manganite samples were carried out 
in 90° scattering geometry. We have used a helium closed cycle refrigeration unit [model 
CTI-CRYGENICS] [Fig.2.6] for this purpose. This system consists of a model 8200 com- 


Adsorber 



Figure 2-6i Sch. 0 n 13 .tic di 3 gr 3 Jii of the low tenip6r3.tur6 set up used for the R3.iii8.n niee. 
surements. The cooling rate of the cryotip is shown in the inset. 

pressor, a model 22 cold head, Lake Shore model 805 temperature controller and associated 
interconnecting hnes. High pressure helium from the compressor enters the cold head at 
the helium supply connector, and flows through the displacer-regenerator, DG assembly. 
Helium expansion in the DG assembly provides cooling at the first and second stage cold 




2. Experimental Techniques 


51 


stations. The resulting gas from the cold head enters the compressor. A small quantity 
of oil is injected into the gas stream to overcome its low specific heat. The gas is then 
compressed and passed through a heat exchanger for removal of compression caused heat. 
Then it flows through a bulk oil separator, oil-mist separator and helium filter cartridge, 
where oil and contaminants are removed. The cooling rate for cryotip is shown in the inset 
of Fig.2.6. 

2.6.5 Data Acquisition Parameters 

The various data acquisition parameters for the Raman measurements of the manganite 
samples are described in this section. The mangamtes are very weak scatterers so one has 
to scan for a longer time to get a good signal to noise ratio. In view of the cosmic ray spikes, 
the integration time is of special importance while using the CCD detector. Therefore, 
to get a good spectrum all these factors must be considered and optimized. The Raman 
spectra presented in this thesis have been taken mostly with 514.5 nm laser fine and 800 
cm~^ bandpass. The CCD integration time was typically 100 sec. The instrument was 
calibrated with crystalline silicon and diamond, since depending upon the alignment i.e. 
the angle at which the scattered radiation strikes at the entrance slit of monochromator 
in its focal plane, the peak position of the spectrum may shift within a few wavenumbers. 
The resolution of the spectrometer for Raman data of manganite samples was optimized 
by plotting the full width at half maximum (FWHM) of the sharpest band of BaMnOs 
system with the spectrograph slit width. These data are shown in Fig.2.7 indicate that 
the line width saturates for the slit width of ~100/im. For all our measurements, 100 pm 
spectrograph slit width was used for high resolution of the spectra. 





2. Experimental Techniques 


52 



Figure 2.7: The full width at half maximum (FWHM) of the sharpest band of BaMnOa 
system plotted as a function of the spectrometer sht widths. 



Chapter 3 

Standard Characterizations of 

La^^ ^.BaxiVInOg (0 ^ x < 1) 


3.1 Introduction 


The formation of different crystallographic phases in beirium-doped lanthanum man- 
ganite system is relatively unexplored. In this Chapter we present our studies of the 
stability of LaMnOa+tf (S >0) perovskite structure on substitution of Ba at lanthaniun 
sites. Using X-ray powder diffraction, we establish the maximum Ba concentration for 
which the perovskite structure is stable. 


3.2 Characterization Techniques 


The samples synthesized through cereimic technique as described in Chapter 2 were char- 
acterized by two major techniques : 

• X-ray powder diffraction (XRD) and 
“The work presented in this Chapter is based on ? 

1. "Raman-, infrared- and X-ray diffraction study of phase stabffity in Lai-xBa^MnOa doped mangan- 
ites", Chaitali Roy and R- C. Budhani, J. Appl. Pbys. 85, 3124 (1999). 
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• Scanning electron microscopy (SEM) 

The details of these experimental techniques are discussed in Chapter 2. 

3.3 Results and Discussion 

3.3.1 XRD Measurements : 

The observed X-ray diffractographs of all the samples in the powder form, recorded in the 
range 20°<29<70° are reproduced in Fig.(3.1, 3.2, 3.3). 

(a) LaMii 03 + 5 , (5 > 0) : 

LaMnOs is the only compovmd in the LaMOa-type (M = first row transition metal) com- 
pound series that exhibits either stoichiometric or nonstoichiometric form. The phases 
of this compound for 0< S <0.18 are reported [21] to possess an orthorhombic lattice 
for 0< S <0.06, a rhombohedral phase for 0.1< 6 <0.18, and a two-phase mixture of or- 
thorhombic and rhombohedral phases for 0.06< 6 <0.10. We have used a controlled oxygen 
annealing technique with the objective to vary the structures of LaMnOa samples between 
the two limi ting phases listed above. Figure 3.1 shows the 9 — 20 scan for LaMn 034.6 sam- 
ples prepared in oxygen (curve a), argon (curve b) and samples first prepared in argon and 
subsequently annealed at 600°, 1000° and 1100°C respectively (curves c, d and e) in oxy- 
gen environment. All the diffraction lines in Fig.3.1(b) can be indexed on the basis of an 
orthorhombic cell corresponding to GdFeOa type structure (space group Pbnm). The ob- 
servation is consistent with the earlier reports of preparation of orthorhombic LaMnOs^^. 
While we could not maJce a quantitative measurement of osygen concentration in our 
samples, the observation of orthorhombic structure with lattice parameters a=5. 53(A), 
b=5. 74(A), and c=7.70(A), suggest an upper bound of 0.04 for the S The X-ray pattern 
of the sample prepared in pure oxygen (curve a) can be indexed in terms of a rhombo- 
hedrally distorted perovskite cell. A comparison of this result with the earlier reports 
[21, 36-37] also suggests a value of 0.10-0.14 for the 8. The ‘d’ spacings calculated from 
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Figure 3.1: X-ray powder diflEraction patterns of LaMnOa+i samples prepared under dif- 
ferent annealing conditions; (a) Rhombohedral LaMnOa+j prepared in pure O 2 , (d) or- 
thorhombic LaMnOa prepared under argon, (c, d, and e) LaMn 03+5 prepared on annealmg 
ortho-LaMnOa in O 2 at 600, 1000, and 1100“C, respectively. 
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these patterns with A — 1.5405(^) have been compared with the ‘d’ spacings as reported 
in the powder diffraction file (PDF) No.33-713 (for orthorhombic phase) and 32-484 (for 
rhombohedral phase). The comparisons of ‘d’ spacings with the PDF data are tabulated 
in Table 3.1 (for orthorhombic LaMn 03 +£ ) ^■Q.d Table 3.2 (for rhombohedral LaMnOs-^). 
The close agreement between the dobserved and dpop confirms the correctness of indexing 
the XRD patterns of LaMnOa+i compounds. 

The samples originally synthesized in argon atmosphere were heat treated in oxygen 
for eight hours at several temperatures viz. 600, 1000 and 1100 ° C, the X-ray diffraction 
are shown in Fig.3.1 (c, d, e). An interesting aspect of the annealing experiment is the 
possibihty of making a two-phase mixture of orthorhombic and rhombohedral phases. This 
is very clear in the XRD patterns of some annealed samples [Fig.3.1(d)]. As evident from a 
comparison of pattern b and c in Fig.3.1, the oxidation of the material at 600°C leaves the 
orthorhombic structure intact. But for the samples oxidized at 1100°C. the orthorhombic 
distortion from the ideal perovskite phase disappears and the material tends to become 
cubic as evident from the diEraction pattern of Fig. 3. 1(e). The fact that rhombohedral 
angle a is closed to 60° in this case becomes clear from a comparison between (200) and 
(222) reflections in pattern e and a of Fig.3.1. X-ray diffraction measurement on samples 
oxidized at 600 and 1000°C reveal that this transformation from orthorhombic to cubic 
is gradual and proceed via the rhombohedral phase. The existence of two phase mixture 
is also established through the Raman measurement, which will be discussed in Chapter 
4. The calculated lattice parameters and space groups for LaMnOa+j samples are listed 
in Table 3.3. It is interesting to note that all the orthorhombic samples obey the crite- 
rian f <V^, characteristics of a cooperative Jahn-Teller deformation superimposed on the 
orthorhombic structure resulting from t<l. Orthorhombic LaMnOa crystallizes in Pbnm 
(D 2 ® ) symmetry group with Z=4 (Z is the number of formula umts in the unit cell) , rhom- 
bohedral LaMnOa+tf belongs to space group R3c (Dg^) with Z=2 whereas cubic LaMnOa+i 
crystallizes in P,n 3 m (Oj.) symmetry group with Z=l. The unit cell volume of LaMn 03+5 
samples decreases with increase of <5, which is evident from our XRD measurement. This 
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Table 3.1; Comparison of 'd’ spacings with, the PDF # 33-713 for orthorhombic LaMnOs-t 
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Table 3.2: Comparison, of ‘d’ spacings with the PDF # 32-484 for rhombohedral LaMn 03 _f 


^observed 

dpDF 

hkl 

3.89 

3.86 

(10 2) 

2.76 

2.75 

(110) 

2.73 

2.72 

(10 4) 

2.35 

2.34 

(113) 

2.25 

2.24 

(2 0 2) 

2.23 

2.22 

(0 0 6) 

1.94 

1.937 

(2 0 4) 

1.79 

1.787 

(2 11) 

1.75 

1.741 

(2 12) 

1.73 

1.727 

(116) 

1.59 

1.591 

(2 14) 

1.57 

1.570 

(117) 

1.38 

1.379 

(2 2 0) 

1.37 

1.365 

(2 0 8) 


Table 3.3: Calculated lattice parameters for LaMnOs+a compounds 


Sample 

Structure 

Space group 

a (A) 

b(A) 

c (A) 


LaMnOa (Ar) 

Orthorhombic 

Pbnm, Z=4 

5.53 

5.74 



LaMn 034.5 (O 2 ) 

Rhombohedral 

R3c, Z=2 

5.49 



60.52 

LaMnOa+tf (600°C in O 2 ) 

Orthorhombic 

Pbnm, Z=4 

5.54 

5.71 

7.71 


LaMn 03+.5 (1000°C in O 2 ) 

Orthorhombic 

Pbnm, Z=4 

5.54 

5.69 

7.72 


LaMnOs+i (1100°C in O 2 ) 

Cubic 

Pm3m) Z=1 

3.92 
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is in good agreement with the earlier structural studies of LaMnOs^^ by Roosemalen et al. 
[112]. These authors have studied the La203-]Mn203 phase diagram in order to obtain the 
limits of perovskite phase. The largest influence on the strucrure is the overall amoimt of 
Mn"^"^ ions, but the La:Mn ratio and the temperature also play a significant influence on 
the structure. With increasing I!vIn-^+ content in LaMn03+.6 samples, the unit cell volume 
decreases and symmetry changes. With a low Mn^+ content (< 20%) an orthorhombic 
symmetry with a large deviation from ideal perovskite strucrure has been found. This is 
due to the ordering of JT distorted Mn^''‘06 octahedra. The ordering is destroyed by an 
increase in the Mn'^'^ content (> 30%), which results in a rhombohedral or cubic symme- 
try. With an intermediate Mn^"*" content, the behavior is complicated and depends on the 
La:Mn ratio rather than Mn'^'*' content. However, the structural behavior of this compound 
is not straight forward. Our structural measurements show the mixed-phase structure for 
some samples having the intermediate Mn'^'*" content viz. the samples oxidized at 600°C. 

(b) Lai.^Ba^MnOa, (0 < x < 1) ; 

Figure 3.2 shows the changes in the powder diEraction pattern of the 1200° C sintered 
Lai-iBaiMnOs samples as a function of Ba-concentration. The lattice parameters calcu- 
lated from XRD patterns of the doped compounds are displayed in Fig.3.3. The crys- 
tallographic phase diagram of Lai-iBa^MnOs can be divided into four regions as shown 
in Fig.3.3. For 0<x<0.25, the powder difiraction pattern can be indexed as due to a 
rhombohedral structure with R3c space group. With the increase of x from 0.05 to 0.25 
the rhombohedral angle oc decreases from 60.52° to 60.06° indicating a change to cubic 
phase. The space group for the cubic compound is Pm3m- The ideal perovskite structure 
of Lai-iBa^MnOs exists in the composition range of 0.25<x<0.40. The X-ray diffraction 
pattern of the samples with x=0.40 reveals the presence of a second phase in the matrix of 
the cubic structure. The additional lines (marked by arrows) in the diffraction pattern are 
due to the presence of hexagonal BaMnOs [56] (space group POamc) in the sample which 
phase separates for x>0.40. A similar observation was also made on a sample of identical 
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3. Standard CheLcacterizations of (0 < x < 1) 



0.0 0.1 0.2 0.3 0.4 

Cone, (x) 


Figure 3.3: The lattice parameters as obtained from XRD patterns of the Lai-xBaiMnOs 
doped compounds. 

Ba-composition synthesized at 1350°C. This result suggests that the phase separation is 
an intrinsic property of Lai-^BaiMnOa system. 

The structural phase change from orthorhombic to cubic via rhombohedral symmetry 
with increasing x can be explained in terms of the Jahn-Teller distortion as it applies to 
pure material. The substitutional doping of Ba at the La site converts Mn^"^ ions into Mn^~ 
state. The latter is not an Jahn-Teller ion and hence the JT distortion is gradually removed 
and the structure goes to a more symmetric form. The main factor responsible for the 
phase separation at large Ba concentration is the larger ionic radius of Ba^"'’ (1.43 A). As 
discussed in Chapter 1, the stabihty of the perovskite structure is mainly governed by the 
Goldschmidt [32] formula (Eq.l.l).'The elements R, A, Mn, O form either simple BMnOs 
type or mixed (R + R')(A + A'jMnOs type following the perovskite stabihty criteria. The 
perovskite structure for the manganite system is stable up to that concentration of alkahne 
earth (AE) metal for which it has cubic symmetry. Once a large number of La sites are 
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replaced by Ba, the cubic perovskite structure becomes unstable. The stability of the Ba- 
substituted lanthanum manganites has been studied by Chakraborty el ai. [46] who also 
show that the material exists as a single phase cubic perovskite up to 40% substitution of 
Ba for La. and a further increase in Ba leads to the phase separation. However, our micro- 
Raman measurements show that the phase separation actually occurs for x>0.35 [113]. 
These results are discussed in detail in Chapter 4. The critical Ba-concentration (xo, 
according to XRD studies is oi0.40 but from Raman measurements the value is established 
as ~0.35 after which BaMnOa phase separates out. On the other hand, the phase separation 
in Sr-substituted lanthanum manganite system is not estabUshed properly, but the studies 
on these materials in early fifties by Jonker [18] have shown that Sr and Ba as high as 
70 and 50 percent respectively can be accomodated in the perovskite structure. While 
it is certain that the critical concentration Xc for Sr-doped lanthanum manganite will be 
greater than the Ba-doped material due to the smaller ionic radius of Sr ion (1.27A), the 
actual value Xc for Lai-iSr^MnOs solid solution is yet to be established. 

(c) BaMnOs-j, {6 > 0 ) : 

The other extreme member of the series Lai-^BaiMnOs is the compotmd BaMnOs-f. 
{6 >0). These are basically oxygen deficient compoimds. As discussed in Chapter 1. 
the crystallographic structure of BaMnOa-i (5 >0) is quite complex. It exhibits several 
polymorphic forms depending on the value of oxygen and metal ion vacancies [50, 57-58]. 
The ideal anionic compositions for the various polymorphic forms have been estabUshed 
as BaMnOa (2H), BaMn02.9o (15R), BaMn02.875 (8H), BaMn02.83 (6H), BaMn02 8 (lOH) 
and BaMn02.75 (4H) [114]. 

We have synthesized the stoichiometric BaMnOa compound in excess oxygen environ- 
ment. In order to vary the oxygen stoichiometry, the oxygen rich BaMnOa compound was 
then quenched firom various temperatures like 1400, 1320 and 1200°C to room temperature 
in air. Also, a separate set of samples of BaMnOa-s was synthesized in inert atmosphere 
like argon to yield a much more oxygen deficient compound. The XRD patterns of all 
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Table 3.4: Comparisou of ‘d’ spacings with the PDF # 26-167 for 15-layer rhombohedral 
BaMnOs-^ 


^observed 

dpDF 

hkl 

3.29 

3.289 

(0 1 18) 

2.84 

2.839 

(110) 

2.36 

2.358 

(0 0 15) 

2.15 

2.149 

(2 0 8) 

2.02 

2.018 

(1 0 16) 

1.81 

1.814 

(1 1 15) 

1.73 

1.745 

(12 8) 

1.64 

1.644 

(3 0 0) 

1.42 

1.420 

(2 2 0) 

1.34 

1.345 

(0 2 22) 


such BaMnOa-^ samples are shown in Fig.3.4(a-e). The XRD profile lebeled as ‘a’ is for 
the sample prepared entirely in argon environment. This pattern is very similar to the 
XRD pattern of the 15-layer rhombohedral (15R) BaMnOa-^ compound. The diffraction 
pattern of Fig. 3.4(a) can be indexed on the basis of a unit cell of rhombohedral symmetry, 
the observed d values (do6sen)e<i) ^.nd dp£)jr values from powder diSraction file # 26-167 are 
compared in Table 3.4. The 15R compound belongs to the space group R3m. A com- 
parison of our X-ray data with the reports of Parras et sd. suggests that the value of 
S ~0.08, so the ideal composition for this structural type is BaMn02.92- The calculated 
lattice parameters for this 15R BaMnOs-^ are a=5.675A and c=35.330A. Figure 3.4(b) 
shows the 9-29 X-ray diffraction pattern of oxygen rich BaMnOs-i cornpound synthesized 
in oxygen atmosphere. All diffraction maxima in pattern b can be indexed on the basis 
of a unit cell of hexagonal symmetry which is characteristic of the 2-layer (2H) structural 
type. The ‘d’ spacings calculated from this diffractograph have been compared with the 
‘d’ spacings of the low temperature phase (2H) as reported in the powder diffraction file 
#26-168 (see Table 3.5). From the comparison of the lattice spacing and corresponding 
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Figure 3.4: The XRD patterns of BaMnOa-i compounds prepared under various annealing 
conditions; (a) sample prepared in argon environment, (b) sample S3nithesized in oxygen 
rich environment, (c, d, and e) samples synthesized originally in oxygen rich environment 
were quenched from 1200, 1320, and 1400°C respectively to room temperature in air 
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Table 3.5: 
BaMii 03 


Comparison of ‘d’ spacings with the PDF # 26-168 


for 2-layer hexagonal 


^observed 

<ipDF 

hkl 

3.44 

3.452 

(101) 

2.84 

2.851 

(110) 

2.47 

2.468 

(2 0 0) 

2.41 

2.408 

(0 0 2) 

2.19 

2.197 

(2 0 1) 

2.17 

2.165 

(10 2) 

1.84 

1.841 

(112) 

1.74 

1.740 

(2 11) 

1.72 

1.720 

(2 0 2) 

1.64 

1.646 

(3 0 0) 

1.52 

1.527 

(10 3) 

1.47 

1.475 

(2 12) 

1.42 

1.425 

(2 2 0) 

1.36 

1.359 

(3 0 2) 

1.34 

1.346 

(2 0 3) 

1.32 

1.318 

(3 11) 
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intensity, it is observed that every diffraction peak in Fig.3.4(b) can be attributed to the 
reported structure. The lattice parameters are found to be a=5.698A and c=4.4.827A. 
The BaNiOa type crystallographic unit cell for hexagonal BalvInOs as proposed by Hardy 
[56] has lattice parameters a=5.672A and c=4.7lA with the interatomic distances as Ba- 
Oi= 2.84A, Ba-02=2.86A, Mn-O=2.02A, and Mn-Mn=2.35A. Note that the proposed 
structure gives two Ba-0 bond lengths differing only by 0.02A. Christensen and Ollivier 
[59], on the other hand, have refined their X-rays and neutron scattering data using the 
space group PGsmmc. This structure gives only one Ba-0 bond and lattice parameters are 
a=5.694A and c=:4.806A. The interesting aspects of the structure in both the cases are 
the strings of Mn^"*" ions parallel to the c-axis incased in face-sharing octahedra of oxygen 
ions [56, 59]. Figure 3.4(c-e) shows X-ray diffraction pattern of the samples quenched from 
1200, 1320 and 1400°C respectively. On comparison of the patterns c, d and e with b ir 
is observed that the reduction of oxygen concentration in the material is not high enough 
to result in a different pol3rmorphic form other than 2L-hexagonal structure. In XHD pat- 
terns of all quenched samples no extra line is observed that can be attributed to some type 
of intergrowth of other phases in addition to the 2H phase. However, in Raman and IR 
measurements, the evolution of some bands gives the signature of 15R phase along with 
2L hexagonal which will be discussed in Chapter 4. Accordingly the value of S for these 
quenched samples can be estimated roughly in the range of 0<5<0.08. The calculated 
lattice parameters for various BaMnOa-^ samples are listed in Table 3.6. 

The overall structural parameters of Lai-iBa^MnOa, (0<x<l) are summarized in 


Table 3.7. 
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Table 3.6: Calculated lattice parameters for BaMn 03 _i compounds 


Sample 

Structure 

Space group 

a(l) 

1 

c (A) 

BaMnOa (Oxygen) 

2L-Hexagonal 

P 63 mmc 

5.698 

i 

4.820 

BaMnOs-fi (Ar) 

15L-Rhombohedral 

R3m 

5.675 

35.330 

BaMn 03_5 (quenched from 1200°C) 

2L-Hexagonal 

PBsmmc 

5.696 

4.819 

BaMnOs-f (quenched from 1320°C) 

2L-Hexagonal 

P 63 mmc 

5.711 

4.817 

BaMn 03_5 (quenched from 1400°C) 

2L-Hexagonal 

P 63 mmc 

5.689 

4.814 


Table 3.7: Summary of structural parameters for Lai-xBa^MnOa compounds 


Cone, (x) 

Structure 

Space group 

a (A) 

b(A) 

c(A) 

a (°) 

0 

Ortho. 

Pbnm, Z=4 

5.53 

5.74 

7.70 


0.05 

Rhom. 

R3c, Z=2 

5.479 



60.52 

0.10 

Rhom. 

R3c, Z=2 

5.509 



60.46 

0.15 

Rhom. 

R3c, Z=2 

5.523 



60.39 

0.20 

Rhom. 

R3c, Z=2 

5.533 



60.24 

0.25 

Rhom. 

R3c, Z=2 

5.544 



60.06 

0.30 

Cubic 

PmSmj Z=1 

3.925 




0.35 

Cubic 

Pm3m) Z=1 

3.921 




0.40-0.95 

Mixed-phase 






1.00 

2L-Hexagonal 

Pdsmmc 

5.698 


4.820 
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3.3.2 SEM Measurements : 

The SEM micrographs of the fractured surfaces of the pellets of LaMnOs (Ar). LaMn 03 -e 
(600“C in O 2 ), LaMnOa^^ (1000°C m O 2 ) and LahlnOs+tf (entirely in O 2 ) are shown in 
Fig.3 5a to Fig.3.5d respectively. In general, the oxygen rich samples synthesfred fully in 
oxygen atmosphere are porous whereas the oxygen deficient samples show compact grains. 
The grain size is larger for oxygen deficient LaMnOs samples compared to the oxygen rich 
samples. Also, the grain size increases systematically as the samples synthesized originally 
in argon were annealed in oxygen environment at temperatures like 1000 and llOO'^C. 
There are three distinct processes that occurs during the fabrication of ceramic materials; 
(i)' primary recrystallization, (ii) grain growth and (iii) secondary recrystalHzation [115]. 
Primary recrystalfization is the process by which nucleation and growth of a new generation 
of strainfree grains occurs in a matrix which has been plastically deformed. Grain growth 
is the process by which the average grain size of strainfree or nearly strainfree material 
increases continuously during heat treatment without change in the grain-size distribution. 
Secondary recrystallization, sometimes called abnormal or discontinuous grain growth, is 
the process by which a few large grains are nucleated and grow at the expense of a fine- 
grained, but essentially strainfree, matrix. From our SEM photographs, the second process 
as described is more appropriate as the grains are growing uniformly without disturbing 
the grain-size distribution. 

The micrographs shown in Fig.3.5 reveal a grain size of ~l-2 fj.m for oxygen deficient 
compoimd whereas it is <1 fixa. for oxygen rich LaMnOsn-^. The SEM micrographs of 
various Ba-doped lanthanum manganites are shown in Fig.3.6(a-c). The Ba-doped samples 
are also porous hke oxygen rich parent compounds and the grain size is also nearly the same. 
The microstructure of a two-phase sample with x=0.8 is also shown in Fig-3. 6(c). The 
SEM micrograph of the two-phase sample shows the grains of inhomogeneous distribution 
of two different phases viz. cubic LaBaMnO and hexagonal BaMnOs phases. Finally, 
Fig.3.7 shows the SEM micrograph of 2-layer hexagonal BaMnOa sample. The grain size 
~1.5 fj,m. The micrograph of BaMnOs sample shows grains of different symmetry like 
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figure 3.5; SEM photographs showing the surface morphology of (a) LaMnOs (“gon). (I’) 
.aMnOs^ (600-C in Os), (c) LaMnO,r< (1000-C in Os), and (d) LaMnO,« (entirely m 
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Figure 3.6: SEM micrographs of Lai-^Ba^^MnOa for (a) x-0.1, (b) x-0.2 and (c) x 0.8 
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Figure 3.7; SEM micrograph of 2H BaMnOa sample prepared in pure oxygen environment. 

elongated hexagonal structure compared to the structures observed in case of LaMnOa-^ 
or Lai.^BajjMnOa samples. None of the samples shows any impurity phase near the grain 


boundaries. 


Chapter 4 


Raman and IR Study of Phase 
Stability in La 2 _ 2 ;Baa;Mn 03 (0<x<l) 
at Room Temperature 


4.1 Introduction 

The strong coupling of the vibrational and electronic degree of freedom in Ld^i_^Aj:MnOz 
compounds has been established through X-ray absorption EXAFS [82], and isotope shift 

measurements of the Curie temperature. The coupling originates primarily from the static 

\ 

aad dynamic Jahn-Teller distortion. Since the lattice distortion and changes in crystal sym- 
metry would affect the phonon modes, a study of lattice vibrations can throw additional 
light on the electronic properties of these compounds. In this Chapter we present a sys- 
tematic study of the Raman and infrared active phonon modes of various crystallographic 
phases in the system LaMn03+^, Lai_xBa,Mn03, and BaMn03_5 at room temperature. 
°The work presented in this Chapter is based on : 

1. "Raman-, infrared- and X-ray difiraction study of phase stability in Lai-xBa^MnOs doped mangan- 
ites", Chaitali Roy and R. C. Budhani, J. Appl. Pbys. 85, 3124 (1999). 

2. "Raman- and infrared- active phonons in hexagonal BaMnOs", Chaitali Roy and R. C. Budhani, 
Pbys. Rev. B 58, 8174 (1998). 
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A comparison of the experimental data with a group theoretical analysis of the allowed 
zero-wave- vector phonon modes for the respective structures has been made to identify the 
presence of various phases and to establish phase boundaries. The use of micro-Raman 
technique has been made to detect small amounts of secondary phase which falls below 
the detection Umit of X-ray diffraction. 

4.2 Experimental Details 

The polycrystalline samples of LaMn 03 + 5 , Lai-j^Ba^-MnOs (0<x<l), andBaMnOs-* (S >0) 
synthesized from solid state reaction method were used in the present study. For Raman 
measurements at room temperature, either 514.5 nm or 488 nm lines of an Ax~ laser was 
used to excite the sample in back scattering geometry. The scattered light was dispersed 
by Spex 1877E Triplemate and detected by a liquid nitrogen cooled CCD. The sample 
surfaces were seen on a TV monitor with the help of a video camera attached with Raman 
microprobe. The submicron spatial resolution of microprobe was used to select various 
spots on the surface of the sample. We callibrated the wavenumber scale by using c-Si and 
natural diamond spectra. 

For infrared transmission measurements, we have used three commercial spectropho- 
tometers as described in Chapter 2. The measurements of IR transmission spectra were 
carried out in the wave vector range from 300 to 4000 cm~^ at room temperature. The 
samples for these measurements were in the form of thin pellets made in KBr matrix. 

4.3 Results and Discussion 

The presence of various crystallographic phases in the system Laj-jjBaxMnOs gives rise to 
characteristic variations in the spectral content of the Raman scattered light as a function 
of X. However, before we discuss the results of Raman scattering experiments, a group theo- 
retical analysis of the allowed zone-center vibrations for various crystallographic structures 
is presented below. 
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4.3.1 Group Theoretical Formulation 

A factor group analysis of the zone-center vibrational modes has been performed using 
the correlation table method. Results of the analysis for various crystallographic phases 
of lanthanum manganite system are presented in the subsequent discussions. 

(a) LaMnOa+i, (<5 > 0) : 

We have seen th rt LaMnOs+js exists in various crystallographic forms. Depending upon the 
structural symmetry, the vibrational phonon modes vary. For stoichiometric compound the 
crystal symmetry is orthorhombic belonging to space group Pbnm with Z=4, corresponding 
spectroscopic group is D 2 ®. Site symmetries of D^l are 2 Cj(4), Cs(4), and Ci(8). The 
structure has two nonequivalent 0 sites C® and Ci respectively. The results of the factor 
group analysis for orthorhombic LaMnOa+j are given in Table 4.1. Out of 60 F-point 
phonon modes, 24(7Aj -t- SBi^ -|- 7B2g + 663^) are Raman active, 25(9Biu + 7B2u + 953,^) 
are infrared active whereas Bi^^ + B 2 U + B3„ are acoustic and SA,^ are silent modes. The 
data presented here for this orthorhombic phase of LaMn03 are in good agreement with a 
recent work of Iliev et al. [88] . 

The rhombohedral phase of LaMn03+^ belongs to space group R3c with Z=2. The 
corresponding space group has the site symmetries : 03(2), C3i(2), 03(4), C,(6), 03(6) 
and Cl (12). In this case La, Mn and 0 atoms occupy the sites Csi, D3, and C2 respectively. 
The factor group analysis for this phase yields (Ai^ + 4Ej) as Raman active modes, (3A2u 
-t- 5Eu) as IR active modes, (A2u + E^) as acoustic mode and (3A25 + SAi^) as silent modes 
(see Table 4.2). 

The cubic symmetry of LaMn03+<5 corresponds to space group Pm3m (0^ spectro- 
scopic group) with Z=l. The factor group analysis does not yield any first order Raman 
modes. The irreducible representations 3Fi„ are IR active modes and F 2 u is neither IR nor 
Raman active. The results of the analysis are presented in Table 4.3. 

From factor group analysis of LaMnOs+tf compound we observed that the number of 
Raman active modes increases from 5 to 24 on going from rhombohedral to orthorhombic 
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Table 4.1. Factor group analysis and selection rules for the zone-center vibrational modes 
of the orthorhombic LaMnOa (Pbmn), Z = 4. 


Atom 

Number of 
Equivalent Positions 
(Wyckoff Notation) 

Site 

symmetry 

Irreducible Representation 
of Modes 

La 

4(c) 

a 

2A^ + + 2B2^ + + Au 

+ 2Bi^ + B2Ti + 2B3t^ 

Mn 

4{b) 

c. 

3A^ + 3Bi^ + 3 B 2 U + 3B3ii 

Oi 

4(c) 

a 

2Ag + Bi^ + 2B2^ + Bs^ + 

+ 2Bi^i + B2 u + 2B3t^ 

O 2 

8(d) 

Cl 

3A^ + 3Bi^ + 3B2^ + 3B3^+ 3A^^ 
+ 3Bi^ + 3B2 ti + 3 B 3 U 


r Bxvman 

= 7Ag + 5Bi^ + "^^2^ + SBa^ 

Raman selection rules 

^IR 

= 9Bixt + 7B2u + SBsx^ 

A^g * ^yy ^zz 

r acoustic 

= Biii + B2tz + B3ii 

B . Otxy 

r silent 

= 8A,, 

B2^ • ^xz 



Bs^ • ^yz 


structure. This increase may be due to the following three effects : 

1. lowering of crystal sy mm etry which splits the doubly degenerate Ej modes into non- 
degenerate B 2 g + Bzg, 

2. displacement of oxygen atoms into the lower symmetry site of the La-plane which 
introduces six new Raman active vibrations, and 

3. doubling of the umt cell which folds the zone-boundary modes of the rhombohedral 
structure into zone-center modes of the orthorhombic structure due to which nine 
new Raman active modes are created. 
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Table 4.2: Factor group analysis and selection rules for the zone-center vibrational modes 
of the rhombohedral LaMnOs^^ (R 3 c), Z = 2 . 


Atom 

Number of 
Equivalent Positions 
(Wyckoff Notation) 

Site 

symmetry 

Irreducible Representation 
of Modes 

La 

2 (b) 

C 3 , 

Ai^ H- A 2 U + 

Mn 

2 (a) 

D 3 

A2g + A 2 U + E^ + E^^ 

0 

6 (e) 

Co 

Ai^ + 2A2g + 3E^ + Aii^ 

+ 2 A 2 U + 3Eu 


^ Raman 

^IR 

T 

^ acoustic 
r silent 


= + AYig 

= 3Aoii + 5E^ 
= A2 u + 

= 3A2^ + 2Aiu 


Raman selection rules : 

A-l^ ’ ^xx "t" ^yy) ^zz 

. (O^xx " ^yy"} ^T/z) 


Table 4*3: Factor group analysis for the zone-center vibrational modes of the cubic 
LaMnOa^^ (PmSm), Z = 1. 


Atom 

Site symmetry 
(No. of equivalent atoms) 

Irreducible Representation 
of Modes 

La 

0 , ( 1 ) 

Flu 

Mn 

Oh (1) 

Flu 

0 

D«(3) 

2 Fiu + F 2 U 


Tm = 3Fi^ 

Facottsiic ^lu 

F silent F2U 
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The crystallographic symmetry groups for the rhombohedral and cubic phases of Ba-doped 
lanthanum mangaoites are same as that of respective phases for the parent LaMnOs-e 
compound. Accordingly, the same factor group analysis (as described above) can be applied 
to rhombohedral and cubic phases of Lai_3;Ba3;Mn03. 

(c) BaMnOs-^, (5 > 0) : 

The XRD analysis of the stoichiometric BaMnOa reveals that the crystal symmetry of 
this compound is 2L-hexagonal belonging to the space group Pesmmc (Dg/J with Z=2. 
However, Hardy [56] has suggested that the low temperature phase of BaMnOg corresponds 
to noncentrosymmetric space group PGsmc (Cg^,). In order to assign the correct space 
group to this compound a factor group analysis for both the space groups is necessary. 
We have performed a factor group analysis of the allowed phonon representations for both 
centrosymmetric Pbainmc and noncentrosy m -m etric PBsmc. Results of this analysis are 
presented in Table 4.4 and Table 4.5. The analysis for PGammc (Table 4.4) shows that 
^ig + Eij + 3E2p, 2A2 u + 3Eiu, and A2u + Ei^ are the allowed Raman, infrared and 
acoustic phonon modes respectively whereas for noncentrosymmetric space group Pbamc, 
the allowed Raman, IR and acoustic phonon modes are 3Ai + 4Ei + 5E2, 3Ai + 4Ei, and 
Ai + El, respectively. 

One of the oxygen deficient BaMnOa-i compoimds having 15-layer rhombohedral 
phase corresponds to space group R3m and the spectroscopic group D|^. The compound 
has 15 molecular units per crystallographic unit cell. It should be noted that R type crystal 
structures may be divided by 3 or 1 to reduce the crystallographic unit cell to the Bravais 
space cell which results 5 molecular formula per unit cell. From the factor group analysis, 
we obtain the S3cmmetry of the optical phonon modes at the zone-center as : out of a total 
75 phonon normal modes (8Ai^ + 2A2p + lOE^ + 3Aiu + 12A2u -b 15E„), 28(8Ai^ + lOE^), 
39(11A2^ -b 14E„) and (A2„ + E„) are the allowed Raman active, IR active and acoustic 
modes respectively, whereas A^g and Ai^ are inactive modes. The group theoretical data 
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Table 4.4; Factor group analysis and selection rules for the zone-center vibrational modes 
of the hexagonal 2 L BaMnOa (Pdsmmc), Z = 2 . 


Atom 

Number of 
Equivalent Positions 
(Wyckoff Notation) 

Site 

symmetry 

Irreducible Representation 
of Modes 

Ba 

2 (d) 

D 3/1 

A 2 U + Bi^ + ^2g + Ei^ 

Mn 

2(a) 

D.3<i 

A2Ti + B2xi + Ei^ + E2ii 

0 

1 

6 (h) 

! 

C 2 v 

Ai^ + A2g + A2u + + B2u + Bi^ 

+ Ei^ + 2E2^ + 2Ei^ + E2u 


Tr aman 

Tir 

r acoustic 
r silent 


= Ai^ + Ei^ + 3E2^ 

= 2A2u + 

= A2u + Elu 

= A2g + 2 Bi^ + + 2 B 2 u + 2 E 2 'u 


Raman selection rules : 

Ai^ . Olxx + OCyyy OCzZ 

Ei^ - 

E2^ * (t^xx "* ^xy) 


Table 4.5: Factor group analysis and selection rules for the zone-center vibrational modes 
of the hexagonal 2 L BaMnOs (PGsmc), Z = 2 . 


Atom 

Number of 
Equivalent Positions 
(Wyckoff Notation) 

Site 

symmetry 

Irreducible Representation 
of Modes 

Ba 

2 (b) 

Csu 

Ai + Bi + El + E 2 

Mn 

2 (a) 

Czv 

Ai + Bi +- El + E 2 

0 

6 (c) 

a 

2Ai + 2Bi "h 3Ei +* 3 E 2 
+ A 2 + B 2 


F Raman 

= 3Ai -f 4Ei + 5 E 2 

Raman selection rules 

Fji? 

= 3Ai + 4Ei 

Ai • OCxx ^yy) ^Z2 

F acoustic 

= Ai -h El 

El - {Olxz: ^yz) 

E 2 - (<^xx “ ^yyi ^xy] 

F silent 

= A 2 + 4Bi + B 2 
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Table 4.6. Factor group analysis and selection rules for the zone-center vibrational modes 
of the 15R BaMnOs-^ (R3m), Z = 15. 


Atom 

Number of 
Equivalent Positions 
(Wyckoff Notation) 

Site 

symmetry 

Irreducible Representation 
of Modes 

Bai 

1 (a) 

B.3ci 

Aou + Eu 

Mni 

1 (b) 

D.3a 

Aou + Eu 

Bao. Ba, 3 , Mn 2 , Mna 

2 (c) 

C 3 . 

+ Aou + E^ 

Oi 

3(e) 

CoA 

+ 2 A 2 U + 3E^t 

O 2 , O 3 

6 (h) 

c, 

1 

2Aig + Aog + 3E^ 

+ Aiu + 2 A 2 U + 3E^i 


^ Raman = ^-^ig + lOE^ Raman selection rules : 

F/fl = IIA 2 U + 14E„ ^Ig • ^xx d” OCyy, OL-^Z 

^acmstic ~ ■^2u d" E^ E^ . (^(Xxx ~ ^xy') j (*^12) *^ 2 ) 

Fsiient ~ 2A2J -|- 3 AiTi 

for this structure is presented in Table 4.6. 

4.3.2 Raman Measurements 

The results of the room temperature unpolarized Raman scattering from parent LaMnOs-^- 
and Ba-substituted lanthanum manganites for entire range of doping i.e. the concentration 
range 0<x<l are presented below. The first order Raman spectra for these compounds 
are confined in the spectral range of 150-800 cm"b For pure LaMnOs system we have 
performed a laser anneahng experiment using 514.5 nm line of a 5 Watt Ar'*' laser, the 
results of which are also described in the subsequent sections. 

(a) LaMn03+^, (^ > 0) : 

The room temperature unpolarized Raman spectra of the orthorhombic and oxygen rich 
rhombohedral phases of LaMnOa+s prepared in argon and oxygen atmosphere respectively 
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Figure 4.1: Raman spectra of the rhombohedral LaMnOa+i (curve a) and orthorhombic 
LaMnOa (curve b). 

are shown in Fig.4.1. Two broad intensity distributions centered at 492 and 620 cm"’- have 
been observed in the Raman spectrum of the rhombohedral phase of LaMnOa+i (curve 
a). The factor group analysis for the allowed Raman modes of the rhombohedral structure 
yields one and four sy mm etry vibrations. On the other hand the Raman spectrum of 
the orthorhombic sample (curve b) is characterized by two prominent lines centered at 490 
and 612 cm"’ and some weak spectral features at lower wavenumbers. This spectrum is 
identical to the one reported by Hiev et al. [88] for polycrystalline samples of orthorhombic 
LaMnOa+tf. We can assign the peak at 612 cm"’ to mode based on their polarization 
measurements and LDC calculations. The B25 modes involve inphase stretched motion of 
Oj atoms in the xz plane (see Fig.1.10). The broad peak centered at 490 cm ’ on the 
other hand, is due to phonon modes of Ag and Ba^ symmetry. The corner shared MnOe 
octahedra are the building blocks of LaMnOa compounds as the Mn-Oi and Mn-Oa bonds 
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Figure 4.2; Ramau spectra, a, b, and c of the samples prepared after annealing 
ortho-LaMnOs in O 2 at 600, 1000, and 1100°C, respectively. 

are shorter than the La-Oi and La-Oa ones. The Mn atom is in the center of symmetry 
and does not participate in Raman active vibration. Therefore, one can expect that atleast 
part of the Raman modes will include motion of oxygen atoms sinoilar to the characteristic 
ones for an isolated MnOe units. 

Figure 4.2 shows the effects of oxidation on the Raman spectra of orthorhombic 
LaMnOs+tf. The prominent Raman peak at 612 cm~^ observed in the sample prepared 
in argon environment reduces considerably on anneahng the sample at a temperature as 
low 6is 600°C (curve a). Further annealing of the samples at 1000 and 1100°C results in a 
Raman profile (curve b and c) identical to that of the rhombohedral phase (Fig.4.1). These 
observations are consistent with X-ray dijBEraction measurements as discribed in Chapter 3. 
As expected from the magnitude of the distortion, the scattering intensity decreases with 
the increase of Mn^'^ content in the sample. The intensity change at 5>0 is explained by 
the smaller JT distortion of the nearly cubic LaMn 03+5 structure because in perfect cubic 
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perovskites the first order Raman active modes are forbidden by the Raman selection rule 
as discussed in the previous section. 

Figure 4.3 describes the results of laser annealing experiments carried out on the 
orthorhombic sample synthesized in argon environment. A series of spectra from the same 
spot of area ~7 {jJ-m) and the same exposure time of 100 sec at various power densities 
have been collected. In the absence of any laser induced structural changes, one would 
expect the intensity of the peaks to increase linearly with laser fluence. The inset of Fig.4.3 
shows the dependence of 612 cm~^ peak height and full width at half ma.xiTnnm (FWHW) 
on the intensity. A subfinear dependence of the peak height and an increase in peak width 
on laser power are manifestation of a change in the structure. The modification of the 
spectra with the increasing incident energy can be attributed to oxidation of the sample 
and subsequent convertion to the rhombohedral phase. However, from our measurement 
it is observed that the structural change is not so prominent compared to the results of 
Iliev et ai. [88]. This is due to the fact that the precise magnitude of such changes would 
depehd on many extraneous factors such as porosity of the sample, rate of heat removal 
from the sample and humidity in the environment. 

(b) Lai_,,Ba,,Mn03, ( 0 <x<l) : 

The unpolarized Raman spectra of Ba-doped lanthanum manganite for the entire range 
of divalent doping are displayed in Fig.4.4. All the spectra were recorded at room tem- 
perature using Xexcitaiicm of 514.5 nm line of Ar''' laser. The measurements for the samples 
(0.05<x<0.35) were done very precisely using the repeated scanning mode of the CCD de- 
tector so that a higher exposure time could be achieved. Since the scattering efiiciency of 
these pseudocubic materials is very low, special care had to be taken in collecting the weak 
signal. It should be recalled that for x in the range of ~0 - 0.2, X-ray diffraction measure- 
ments show a rhombohedral phase albeit with a decreasing distortion from the ideal cubic 
perovskite structure on increasing the x. The Raman spectra of these samples are identical 
to that of rhombohedral LaMnOs+i but for a gradual shift of the hump at 620 cm"^ to 
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Raman Shift ( cm" ^ ) 


Figure 4.3: Raman spectra of the orthorhombic LaMnOa phase prepared in argon environ- 
ment collected at different fluences of the laser beam from the same spot on the sample. 
SoUd Unes in the figure are Gaussian fits to the spectra used for extractmg p^position 
and FWHM. Inset shows the power dependence of the peak mtensity and FWHM of e 
Raman line at 612 cm"^. 
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Figure 4.4: Room temperature Ramau spectra of Lai.^Ba^MuOs as a function of x. The 

figure also shows the spectrum of hexagonal Balv^Os- The appearance 

415, 556, and 658 cm'^ in the spectrum for Lao 65Bao.35Mn03 indicate a phase separation. 
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lower wavenumbers on increasing the x. For 0.25<x<0.35, the structure is cubic belonging 
to space group Pm3m, the factor group analysis shows there are no Raman active modes. 
However, the Raman spectra of the samples with x=0.25 and 0.30 show a very broad hump 
centered at 465 cm Since in this range of composition the system Lai_3BaEMn03 is a 
ferromagnetic metal [3] the observed intensity could arise from the free carrier contribution 
to Raman scattering. Three faint peaks centered at 415, 556 and 658 cm“^ appear in the 
Raman spectra of the sample with x=0.35 The intensity of these peaks shows a variation 
when the laser spot size ~3/xm is focused at different location on the sample. Further, the 
intensity under these features grows in the case of the sample with x=0.40 for which the 
X-ray diffraction results show the presence of a two-phase mixture of the cubic phase of 
Lai-jjBajMnOs and the 2L-hexagonal phase of BaMnOs. In Fig.4.4 the room temperature 
Raman spectrum of the hexagonal BaMnOa has been shown for comparison, the detailed 
analysis of this compound will be discussed in the next section. On comparison with the 
Raman spectra of hexagonal BaMnOs with the spectra of samples with x=0.35 and 0.40, 
it is clear that the Raman lines appearing over the background intensity of the cubic phase 
are due to the BaMnOs hexagonal phase which has precipitated out. The amount of this 
phase in samples with x=0.35 is below the detection limit of X-ray diffraction. 

(c) BaMuOs-rf, (<5 > 0) : 

The unpolarized Raman spectra of BaMnOs-^ (0< d csO.08) prepared in different annealing 
conditions are displayed in Fig.4.5 All the spectra are recorded at room temperature. For 
2H-BaMn03 the prominent peaks at frequencies 412, 525, 555, 638 and 658 cm“^ have 
been labeled as A, B, C, D and E respectively. From XRD measurement the space group 
assigned to this 2H compound is P6smmc, however, comparing the Raman and IR results 
of this compound the space group as suggested by Hardy [56] Pbsme correctly describes 
the Raman and IR modes [116], this result will be discussed later. The allowed Raman 
active modes of 2H-BaMn03 (space group Phamc) are 3Ai, 4Ei and SEa. A comparison 
of our data with reported Raman measurements on ferroelectric phase of the compound 
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Figure 4.5: Room temperature Raman spectra of BaMnOs-^ samples prepared under dif- 
ferent annealing conditions. 

YMnOa (space group PGamc, 6 formula units per unit cell) [117] indicates that the strongest 
lines appearing at 658 and 412 cm“^ in the spectrum may be due to the Ai and Ei 
symmetry vibrations respectively. Figure 4.5 also shows the Raman spectra of oxygen 
deficient BaMnOa prepared under various conditions, the sample synthesized entirely in 
argon environment shows striking change in its spectrum. The lines D and E are not 
well resolved in this case and peak intensities of these lines are also comparable to the 
intensity of peak A. But the major changes occured in the spectrum of this sample at 
lower temperatures, where we have seen some new prominent fines characteristic of a 
new phase. The detailed analysis of the low temperature measurements will be discussed 
separately. At this stage one can say that the room temperature spectrum of this oxygen 
deficient compound is from a different polymorphic form of BaMnOa other than the 2H. 
The XRD pattern of this sample is indexed to 15R structure belonging to space group 
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R3m. The allowed Ramau and IR active modes for this structure are more in number 
compared to the number of modes in 2H symmetry. The large number of Raman lines 
seen in this sample are consistent -with these calculations. On the other hand, the Raman 
spectra of the BaMnOa-^ as prepared through the quenching experiment are more or less 
similar to the spectrum obtained from the 2H compound. There is, however, a reduction 
in the peak intensity of Unes B, D, and E on going from oxygen rich to the oxygen deficient 
compounds. This may be due to the fact that as this compound undergoes the reduction 
process, some of the Mn^^ ions would convert to resulting in an increase in th'^ free 
carrier concentration. This free charge may screen the phonon modes. This effect is more 
clear in the IR absorption spectra of these compounds. The possibifities of intergrowth of 
any other phase in the case of quenched samples can not be ruled out however. There are 
several reports [57-58, 114] on these materials showing the intergrowth of 15R or 21R type 
structures along with 2H phase. However, the intergrowth phenomenon in the quenched 
samples will be clear when we discuss the IR spectra of these compounds. 

4.3.3 IR Transmission Measurements 

The changes in the crystallographic and electronic structure of Lai-^BaiMnOs with in- 
creasing Ba concentration are also reflected in the infrared transmission spectra of the 
samples. The IR spectra of the end members, namely LaMnOs+i and BaMnOa-fi change 
considerabily on variation of 5. In the following, we discuss these results in detail. 

LaMnOa+j and Lai-xBa^MnOa ; 

The IR transmission spectra of LaMnOa, LaMnOa+j and Laj-xBa^MnOa for some specific 
values of x in the spectra range of 2500-400 cm~^ are displayed in Fig.4.6. All the mea- 
surements were carried out at room temperature. These spectra are characterized by a 
set of discrete absorption bands in the frequency range of 400-700 cm“^ and a continuous 
absorption of increasing intensity as we go to higher energies. While the low frequency 
absorption bands are due to lattice vibrations of the perovskite structure, the continuous 
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Figure |6:Jrxfrared Inset shows the 

m"’i2misston~sp’ectL of hexagoii (2L) BaMnO, aad two mixed-phase samples w.th 
x=0.5 and x=0.9. 
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absorption, whose onset (edge) shifts to lower wavenumbers with the increasing Ba con- 
centration suggest a gap in the electron density of state of the material. The spectrum of 
orthorhombic LaMnOs (curve a) has two prominent vibrational bands centered at 405 and 
603 cm \ These two spectral features are characteristic of many ABO3 perovskite oxide 
[96] including doped manganites [84, 86]. In addition to these, some weak feattires (indi- 
cated by arrows) are also present in the spectrum. These observations are in agreemen: 
with reported IR measurements on LaMnOs [96]. From the frequency mass relationship 
for a rigid oscillator, one would expect these high frequency vibrations to be due to the 
internal modes of MnOe octahedra. Amongst all internal modes, the stretching motion 
of the Mn-0 bond is expected to have the highest frequency followed by the distortional 
vibration of the O-Mn-0 bond angle. Based on this arguement, we attribute the bands ar 
603 and 405 cm"’^ to Mn-0 and O-Mn-0 vibrations, respectively. In the case of the rhom- 
bohedral phase of LaMn03+5, while the peak at -^603 cm“^ remains, the second feature 
of the orthorhombic LaMn03 centered at 405 cm“^ has a considerable reduced intensin' 
This peak is absent in LaMn03 doped with various amounts of Ba. It is also noticeable 
in the figure that the absorption edge due to the electronic excitations gradually shifts to 
lower wavenumbers as more La atoms are replaced by Ba atoms. This behavior, which 
is indicative of the disappearance of the gap, is closely linked with the insulator-to-metal 
transition in the system. The most interesting feature of the IR spectra presented in Fig.4.6 
is the diminishing intensity of the Mn-0 stretch mode with the increasing concentration or 
Ba in the structure. This behavior is also linked with the onset of a metallic state in the 
system. The inset of Fig.4.6 shows the infrared spectra of pure BaMn03 and samples with 
x=0.5 and 0.9. The IR spectrum of BaMnOs is characterized by strong phonon modes 
between 400-800 cm~^ and a large electronic absorption in the higher energy range. These 
characteristic phonon modes are also present in the spectra of samples with x=0.5 and 0.9 
indicating a two-phase mixture as already seen in X-ray and Raman data. 
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Figure 4.7 shows the room temperature IR transmission spectra of the BaMnOs,^ samples 
in the spectral range of 300-2000 cm'h The pronounced absorption bands for oxygen 
rich 2H-BaMn0.3 are centered at 405, 514, 550, 630 and 670 cm”^ and marked by letters 
A, B, C, D and E respectively. Note that these frequencies are same as the frequencies 
of A, B, C, D and E peaks in the Raman .spectra at room temperature (Fig.4.5). The 
group theoretical analysis as discxissed previously results in = 3Ai -h 4E| q- 5E- 

and F/r = 3Ai -f 4Ei for the case of noncentrosymmetric P63mc space group whereas for 
cencrosyinmctric group POsmmc the allowed Raman and IR modes are rRaman = Aig — 
Eig + 3E23 and F/i? = 2A2u + 3Eiu. The important point to notice here is that in the case 
of PBsmmc, the Ai^ (nondegenerate) and Ei^ + 3E2j (doubly degenerate) Raman-active 
modes are distinctly different from the infrared-active modes. Whereas for POsmc, three 
nondeg(nicrat<' Ai modes and four doubly degenerate Ei modes are common in IR and 
Raman. Since the Raman modes appearing at 412, 525, 555, 638 and 658 cm~^ are also 
seen in the IR spectrum, this observation suggests that the correct group assignment in 
the present case is Pbamc. 

The IR transmission spectrum of the BaMnOs-i samples prepared in argon environ- 
ment show.s the prominent absorption bands at 345, 405, 425, 510 and 620 cm~k The 
additional bands centered at 345 and 425 cm“^ are the manifestation of different poly- 
morphic form. As we have seen from the factor group analysis that the 15R compound 
yeilds more number of IR active phonon modes compared to the 2H-BaMn03, this obser- 
vation supports our assignment of the XRD pattern to a 15R structure. Note that the 
two additional bands centered at 345 and 425 cm ^ respectively are also observed in IR 
transmission spectra of CaMnOa-i system [86] which are correlated with Mn-0 clusters. 
The intensity of these bands increases in the case of the quenched samples- which indicates 
the presence of 15R phase in addition to the 2H phase in the compound. The Raman 
spectra of these quenched samples also showed some feature of 15R phase. Moreover, the 
IR measurements on these samples confirm the intergrowth of 15R phase in addition to 
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1320, and 1400"C respectively, and (e) BaMnOs-tf (argon; . 
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the 2H in these quenched samples. One of these bands ~345 cm ^ also shows a large 
shift towards lower wavenumber 345— ^335— >330 cm*"^ on going from 15R to quenched at 
1400"C-^132()"C->12()0"C respectively. Whereas for the 2H phase this band is absent. The 
peak intensity of the strongest band ~630 cm~^ is reduced sharply compared to the inten- 
sity of the band at 500 cm"' on going from oxygen rich to oxygen deficient compound, this 
may be explained in terms cjf the free carriers which suppress the phonon modes present 
in the oxygen defici<uit samples. We have also noticed a similar trend in Raman spectra of 
these compounds 


Chapter 5 

Magnetic Behavior of 
La2^_2.Baa;Mn03, ( 0 <x<l) compounds 


5.1 Introduction 

The generic behavior of paramagnetic-to-ferromagnetic transition in Hj-iAiMnOs 
manganites is uucior.stood within the framework of double-exchange theory [62, 71-72], 
which includes only the transfer integral of the e^ electrons and the on-site exchange in- 
teraction (Hand’s coupling between the itinerate e^ electrons and localized t 2 g spins 
(S=3/2). The doped manganites show much more multifarious magnetic properties de- 
pending on the relative ionic radii of the rare-earth and the alkaline-earth dopant In a 
system like Pro. 5 Sro. 5 Mn 03 for example, the ferromagnetic state which develops at 270 K 
is destroyed by the real space ordering of Mn^"'" and Mn"^"^ ions into two sublattices at 
140 K. At this temperature the intern also becomes antiferromagnetic. In a system like 
Pro.sCao.sMnOa, the charge ordered (CO) state is much more robust. The CO and AFM 
“The work presented in this Chapter is based on : 

1. "Magnetic ordering and granularity effects in Lai-xBa^MnOj", R. C. Budhani, Chaitali Roy, Laura 
H. Lewis, Qiang Li and A. R. Moodenbaugh, communicated. 
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transitions are decoupled in this case. [118], Recently Akimoto et al. [119] have systemati- 
cally investigated the ground state properties for the manganites as a function of nominal 
hole concentration (x) and the arranged ionic radius (rj^) of the rare-earth ion. It has 
been observed that the magnetic phase diagram of these materials is dominated by the 
fcriomagnetif metallic. (FlVI) state in the low-x region and an antifriromagnetic metallic 
(AFM) state with A-tj/pe spin structure in the high-x region. The magnetic behavior of 
the Ba doped LaMnOs can be quite different due to the large radius of Ba'~. As we have 
already seen this system exhibits in a single phase material only upto 35% doping of Ba in 
the La sites. In order to understand the magnetic behavior of Ba-doped lanthanum man- 
ganites we have carried out a systematic measurements of the magnetic moment on the 
bulk samples of Lai -jiBa^MnOs. In this Chapter we present the results of these measure- 
ments over a wide range of composition (0>x>l), temperature (4.2K-775K) and magnetic 
field strength (lG-50kG). We have probed the magnetic state of the two-phase region, and 
have established the efifects of magnetic inhomogeneity on Tc. It is important to point out 
here that while such granular effects have been well studied in metallic systems from the 
vic'wpoint of magnetoreslstance and superparamagnetism, the granularity in manganites is 
of considerable current interest from the viewpoint of spin-polarized transport. The work 
has also been undertaken to reinvestigate the magnetic state of the two end members of 
the Lai^j-Baj-MuOa series. 

5.2 Experimental Details 

The polycry.stalline samples of LaMnOa+i, Lai-iBasMnOa for x in the range of 0<x<l, 
and BaMn0.a_6 as .synthc\siz(Hl from solid state reaction method were used in the present 
study. Magnetization measurements as a function of temperature (4.2K-775K) and applied 
field (lG-50kG) were performed using three commercial magnetometers (Quantum Design 
SQUID magnetometer MPMS-system, Quantum Design extraction magnetometer PPMS 
system and a vibrating sample magnetometer). The paramagnetic susceptibility of some 
of the cornpoutuls was also measured ip the temperature range 400K to 750K using the 
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high temporattire stage of the SQUID magnetometer. 

5.3 Results and Discussion 

In the following sections we present magnetic ordering aspects of LaMnOs+s, BaMn 03 -, 
and Lai-xBa^MnOs (0<x<l) samples synthesized under various conditions. The param- 
agnetic susceptibility of these materials is also discussed. Finally, the possible existence of 
superparamagnetism in the two phase region is analysed. 

5.3.1 Magnetic Behavior of LaMnOs+j • 

The temperature dependence of magnetization for the LaMn 03+5 samples prepared in 
argon and oxygen environments is depicted in Fig.5.1. The oxygen rich sample shows a 
well-de.velopc'd ferromagnetic state at T<200 K which is characterized by a large moment 



Figure 5.1: Zero- field-cooled magnetization curves of LaMnOs samples prepared in ar^n 
and oxygen environments. Measurements have been done at different fields as indicate in 
the figure. 

in a field as low as 500 G, whereas the oxygen deficient sample (prepared in argon) has a 
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Figure 5.2; Dependeace of magnetization of the two types of LaMnOg^^ samples on the 
applied magnetic field. 

much smaller moment at 5 K even at 10 kG magnetic field. On increasing the temperature, 
the magnetic moment of the oxygen deficient sample first remains unchanged upto T~50 
K and then drops with a well-defined inflection point at T~145 K. As stated in Chapter 3. 
the sample synth<*^iz<Ml in argon atmosphere showed a single phase orthorhombic structure. | 
We attribute the change in magnetization at 145 K to the onset of antiferromagnetic state | 

in this orthorhombic phase where Mn ions are in +3 valence state. This conclusion is | 

consistent with neutron difiraction measurements on orthorhombic LaMnOg [60-61, 119]. 

The behavior of magu<!tization at lOK as a function of field for the two samples is shown 
in Fig. 5-2. A strong ferromagnetic behavior of the oxygen rich sample is evident in the 
figure. The magnetization saturates at ~12kG field with a saturation value of ~97 emu/ gm | 

which corresponds to an effective moment per Mn ion of ~4.2 ns- On the other hand, ; 

the field dependence of magnetization for the orthorhombic sample is remarkably different. 
The M vs H curve in this case is characterized by a sharp increase of M for |H1 < 3 kG 
followed by a much .slower dependence of M on H. The value of magnetization at H ~ 5 kG j 
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corresponds to a hq ~0.006. This small value of the moment per Mn ion is consistent with 
the picture of a Dzialoshinsky type canting of antiferromagnetically ordered !Mn^* spin? 
[81]. The crystallographic phase of the oxygen rich LaMnOs^.^ sample is rhombohedral as 
determined from our x-ray diffraction study A comparison of these magnetization and 
XRD results on LaMn 03_5 with the works of Topfer and Goodenough [21] suggests a 6 
of ~0.0 and 0.1 for the oxygen deficient and oxygen rich samples respectively. Hauback 
et ai. [36] have also reported effects of non-stoichiometry on the magnetic properties 
of LaMnOs+fi. The behavior of our oxygen ricn sample is in excellent agreement with 
the magnetization measurements of these authors on a rhombohedral sample of nominal 
composition LaossMnOs+i. 

The low value of saturation magnetization (/ts=0.006) due to spin canting for the 
sample prepared in argon environment is rather remarkable. Magnetization measurements 
of Ritter et al. [61] on LaMnOs^^ ceramics having a well-controlled 6 show a value of 0.11 
at 5 K for d=0 sample. However, the 5=0 samples used in their study were synthesized 
by deoxygenating 5=0.7 samples at 1000°C in argon environment. Similar values of fi^ff 
have also been observed in other cases when the 5=0 samples were prepared by using a ; 
deoxygenation procedure. It is likely that such samples have some traces of cation vacancies 
and Mn^"^ species which contribute to the residual moment. It is therefore evident that 
the lowest value of 5 is realized only by carrying out the entire calcination and sintering! 
procedure in an inert gas environment as reported in this work. In the regime of H>5kG,! 
the linear rise of M with the applied field for the oxygen deficient sample seems to be| 

I 

a general feature of the antiferromagnetic sample with 5=0 [36]. This type of behavior; 
observed earlier in granular antiferromagnets has been argued to be due to the spins atj 
the surface region of a grain [120]. 

5.3.2 Magnetic Behavior of BaMnOs-^ : 

Stoichiometric BaMnOs is found to have a 2-layer hexagonal structure. The molar suscei>' 

f 

tibility of this compound as a function of temperature in the range 5K-300K is plotted inj 
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Temperature ( K ) 

Figure 5.3: Molar susceptibility of the BaMnOs sample over the temperature range of 
5-300K. 

Fig.5.3. In this range of temperature, the data do not show any indication of a Curie- Weiss 
type of behavior. Although the data do not exhibit a well defined Neel temperature, the 
broad hump in susceptibility centered around 150K suggests antiferromagnetic ordering : 
of the Mn^"*" spins. At temperature below ~20K, the rise in susceptibility is indicative of r 
a glas.sy behavior. Earlier measurements of susceptibiUty of this compound have shown . 
varied results depending on the purity of hexagonal stacking of BaOa planes. Our sus- i 
ceptibility value in the vicinity of room temperature is comparable to the measurements ^ 
of Christensen and Olhvier [59] and that of Chamberland et al. [54]. Neutron difiEraction | 
measurements of Christensen and Olhvier [59] indicate partial antiferromagnetic ordermg j 
of Mn'‘+ spins below 150K. However, their susceptibiUty data do not show the charactenstic | 
cusp-like behavior of x for antiferromagnetic ordering. Chamberland et al. also suggested ; 
a ~150K for this compound. 




Temperature (K) 

Figure 5.4: The inverse molar susceptibility for the oxygen deficient BaMnOs-,? sample 
prepared in argon and stoichiometric BaMnOs prepared in oxygen environment. 

The inverse molar .sasceptibilities of the oxygen deficient BaMnOa-^ sample prepared 
in argon and .stoichiometric BaMnOa prepared in oxygen environment in the temperature 
range 2K-300K are plotted in Fig.5.4. The data for oxygen deficient compound show two 
ordering t(>mp<'ratur('.s. The inflection point at ~150K is common for both the compounds 
which is most likely due to antiferromagnetic ordering of Mn'^'*' spins. However, the momenr 
for the oxygen deficient compound is higher than that for the stoichiometric compound. 
This may be due to some canting of the Mn^^ spins. At lower temperature (~50K), a 
ferromagnetic ordering is observed in the oxygen deficient compound. The moment in this 
regime of temperature show hysteresis. The likely origin of the FM behavior is the Mn 
ions formed due to the removal of oxygen and the ensuing double exchange between Mn^- 
and Mn”*^ ions. The ferromagnetic ordering, however, will be confined to the Mn^+-Mn 
spin clusters formed around the oxygen vacancies. The observation of a sudden increase m 
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the moment of BaMnOj prepared in oxygen environment below ~20 K may also be due to 
the Mn-'^^-Mn'^^ clusters which might exist in the system although it is a fully oxygenated 
compound. 

5.3.3 Magnetism in Lai_a;Baa;Mn 03 , (0<x<l) : 

The magnetization curves at 10 K of Ba-doped LaMnOa samples for both forward and 
reverse held .sweeps are displayed in Fig.5.5. Data for samples with x<0.2 are not shown 



Figure 5.5: Magnetization of Lai-^Ba^MnOa samples plotted as a function of apphed 
magnetic field. Data for only a limited values of x are shown for the sake of clarity. 

for the sake of clarity. The saturation magnetizations (M^) has been claculated from these 
curves and is plotted in Fig.5.6 as a function of Ba concentration. The magnetization 
shows a marginal but distinct rise between x=0 and 0.2 and drop beyond x~0.35. First 
we focus on the drop in magnetization observed beyond x=0.35. Our x-ray and micro- 
Raman measurements on samples with x>0.35 show a two phase material consisting of 
cubic Lao.e.'jBao.ssMnOs and hexagonal BaMnOa [113] as discussed in Chapter 3 and 4 re- 
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Barium concentration ( % ) 

Figure 5.6: Saturation magnetization in units of emu/gm of the Lai-^BaiMnOs samples 
plotted as a function of barium concentration. Inset shows how the moment scales with 
the fraction of the ferromagnetic phase present in the two-phase region. 

spectively. Since the magnetic moment on BaMnOa is negligible compared to the ordered ; 
moment on the cubic phase Lao.esBao asMnOs, it is reasonable to argue that the measured 
signal in the samples with x>0.35 is entirely due to the latter phase. This assumption 
is supported by the observation that the magnetic moment at lOK of the mixed phase | 
samples scales with the fraction of Lao, 65 Bao, 35 Mn 03 present in the two phase region (see | 

f 

inset of Fig.5.6). Figure 5.7 shows the value of magnetic moment in units of Bohr mag- ; 

neton calculated from the saturation magnetization data under the assumption that for | 

1 

x<0.35 every manganese ion contributes to the moment and for x>0.35 the ferromagnetic j 
moment arises only from the fraction of Lao65Bao35Mn03. Assuming that all 3d electrons j 
of Mn®+ and Mn^+ ions which are 4 and 3 respectively are aligned ferromagnetically and 
the concentration of Mn^"*” in the range 0<x<0.35 is given by the value of x alone, one can | 


calculate the saturation moment as 
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Figure 5.7: Maguetic momeot iu w per Mn ion; Curve 'a' under the assumption that he 
entire composition range is a homogeneous ferromagnetic system and curve b after takm. 
into account phase separation at x=0.35, SoUd lines are guide to the eye. 


= (1 - 


This results in a immotonically decreasing curve for (Cal) in the range of Ba concentra- 
tion where a single phase is formed. In Fig.5 7. curve ‘a’ represents the moment in w per 


Mn ion assuming the entire composition range is a 


homogeneous ferromagnetic system and 


curve ‘b’ after taking into 


account the phase separation at x=0.35. There are two factors 
which may contribute to deviations &om this simplified picture for the saturation 
of the Single phase material. The first has bearing on the possible cation vacancies in the 
material which will lead to some hole doping. Thu situation is similar to that of oxygen 
rich LaMnO«. Secondly, since the fe^omagnetic ordering in th^ manganites .a con 
sequence of Zener-Hasegawa-Anderson double exchange [62. 71] mediated by the itmeran. 
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Figure 5.8: Variation of the reduced saturation magnetisation 

ature for two single-phase samples with x=0-l and 0.3. The solid Ime is 

:!^vit oTm *^n for a'^S=2 system. Inset compares the measmed magnetisation 

with, the pn‘dic‘tion of the Bloch theory. 

hole in oxygen 2p band which aligns local Mn=- moments ferromagnetically. there must 
be a minimum concentration of the holes reciuired for the itinerancy. WhUe the possible 
cation vacancies in La...Ba.MnO, wiU contribute to some holes as they do in the case of 

r .IT romfi from dooing with the Ba. The slow nse of fisct at 

LaMii 03 +.i, roiiiaimng holes must come irom uupi & 

lower concentration of Ba is a manifestation of this effect. 

The results of the zero-iield-cooled saturation magnetisation for samples with x-O.I 
and 0.3 as a function of temperatum are presented in rig.5.8. The measurements were 
carried out in a magnetic field of 10 kG. In the case of the sample with x 0.1, the tranmtion 
to paranmgnetic state is distinct in the vicinity of -300 K. The sample with x=0.3 retm. 
a fairly large ordered moment even at room temperature. The ordering ^ 

this case is ~390K. The mean-field (MF) behavior of the saturation 
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S=2 Kys't<’i» is also shown with a solid onrvo in Fig.5.8. 


The actual values of S for these 


samples is h(»w<>wr between 2 and 3/2. Wlule the sample withx=0.3 shows relatively small 
deviation from the MF Ixdiavior for T- ().(> T„ the drop of M, in the case of the sample 
with x=-0.1 is nmeh fiist.t'r tlian the mean-field result. In metallic ferromagnets the sharper 
decreas<‘ of M, with temp(>ratur(' as eompaied to the mean-field behavior is attributed to 
excitation of spin wav(‘s wliich su})pr<‘.s,s the magnetization. The magnetization in terms 
of the ('xchang<‘ inf.(>gral was introducc'd for the first time by Bloch [121]. The spin- wave 
method is applicable only in the low tenqxTaturo region and the calculated saturation 
magnetization l<»ads to th<' result 


M.{0) ■ 


Where M„ (T) is th<* saturation magnetization at a given temperature T, and M* (0) 
is th<* sat.uration magn<*tization at lowf'st possible temperature T~0. A is the coefiicient 
given as; 

^ 

s[2Jsj ■ 

Wher<^ B 0.050 for a simple cubic magnetic lattice, S is the total spin, and J the 
exchange integral. Tlw* eKpre.ssion for the exchange integral is given by the formula [122] 

J db 

One, can estinjate the tirop in inag,nef.i'/,al.ion due. to spin waves by calculating the coefficient 
A. The Ourw' l emptu al ures of the .samples hav(’ been calculated firom the high temperature 
su.sc('p( ibility data and the total spin S from the. fractions of Mn^'*' and Mn'*'*' spins. For the 
samphns with x^O.l and 0.3, the and S are ~300K, 1.95 and ~390K, 1.85 respectively. In 
addition to spin wave excitation, for itimuimt .spin systenas one would expect a contribution 
which goes as T'-^ term in the magne.tization due to the single-particle excitation or Stoner 
excitation [123]. 

In the inset of Fig.5.8 the m<'asur(>d magnetization of samples x— 0.1 and 0.3 are com 
pared with the ()n*di<’tif>ns of the Bloch rule. It is evident in the figure that for T/Tc<0.35 
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the drop ill iiiaf>u('tization with temperature is in fair agreement with this simple spin-wave 
excitation approach. A better agreement with experiments should be possible if interac- 
tions betwef'u spin wave excitation are taken into consideration. Indeed, in EuO which 
shows an insnlator-to-metal and simultaneous paramagnetic to ferromagnetic transition on 
cooling just as in th(' case of these manganites, the inclusion of dynamical effects leads to 
a better agrc'emc'ut with the spin wave theory over a broad range of temperatures [124]. 
However, at still higher temperature the concept of spin wave becomes irrelevant because 
of the short lifetime of such excitations. 


5.3.4 Paramagnetic Susceptibility : 


Paramagnetism is related to the tendency of a permanent magnet to align itself in the 
direction of magnetic field such that its dipole moment is parallel to the field. A param- 
agnetic sxibstance has a non-vanishing angular momentum. It may also be the permanent 
moment of unfilh'.d atomic shells that arises from a combination of spin and orbital mo- 
ment. Prom the quantum mechanical treatment of paramagnetism, the general expression 
for magnetization for j=l/2, the spin-only case, is given by 

= tanh{a) (5-1) 

Ms 


where a = ^4^^ , g is the spectroscopic splitting factor, j 

field. For a small value of ‘a’, the Eq.[5.1] reduces to 

_ NlJ,eff^ _ C 
^ UbT T 


the spin, and H the applied 

(5.2) 


where is the effective moment given by g [ j (j + 1)^^ ] and C is the Curie 
constant ^ven by which is known as Curie’s law. In a solid, where interactions be- 

tween the atomic/ionic moments are observed, the paramagnetic susceptibility is described 
by the Curie- Weiss law; 


Here 9 is called the Curie-Weiss temperature. The Curie-Weiss 9 is related to the 
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Figure, 5.9: Plot, of .uaguoU.ution (emu/^) 

(0,) .sample at, several temperatures m the paramaguettc regime, 

strength of the intejaetiou between moments, and its sign depends on wheth 

action helps to align adjacent moment in the same direction or opposite to one anot e^^ 

For «>() there is a net ferromagnetic interaction between the moments an 

interaction is antiferromagnetic. Mn» and Mn- ions, we have 

In order to estabUsh the true paramagne.tic moment 

. 1 . 

Stage of the SQUID magnetometer. Figure 5.9 shows the magnetic momen 

taken at 300K and in the interval of 25K between 460-750K. Similar 

b^n performed fer the samples with 0<x<b 

The typical Curie- Weiss plots of magnetic suscep Y 

^ . piffK.io. The paramagnetic moment 

1 'i-i A n 1 0 2 fiLiid 0.3 3*^^ sb-Owu in. r S* 
compounds witti x=0, 0.1, 
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Figure 5.1(>: 1/x versus temperature plots for the single-ph^e La,_.Ba.Mn 05 sample. 
Lit .shows the behavior of X end /*./, deduced from the plots. 


present due to the. Mn-ion.s and the Curie temperature T, are calculated from these data. 
Considering the spin-only contribution of the unpaired ‘d’ electrons in Mn 3d sheU to the 
paramagnetic susceptibility, the effective moment per Mn=+ and Mn'>+ ions is expected to 
be 4.9 P,I and 3.87 rcspectiveiy. The inset of Fig.5.10 shows the values of T. and p „ 

calculated from the CurheWeias Bts to the high temperature susceptibihty data. The va ue 

£_ /( Q frt A 7 nn increasiiiff the x from 0.1 to 0.3. The /^e// 

of effective, moment decreases from 4.9 • 

for the LaMnOses sample pr^ared in oxygen is ~4.8. While these values are considerably 
higher than what is expected from a quenched orbital an^ar momentum picture for ^ 
they are in excellent agreement with measurements of Topfer and ^ ^ 

LaMnOs and AC susceptibility data of Dabrowshi eta,, ^ | 

Curie-Weiss temperature increases with Ba substitution and reaches a peak va 

forthesamplewithx=0.3. The increase in X. with substitution by divalent elements at the ; 





Temperature ( K ) 


Figure 5.11: l/x versus temperature plots for the samples which consist of two distinct 
crystallographic phases. 

trivalcnt La-sit<'s is a general feature of Hi-xA^MnOa manganites. Rodriguez and Attfield 
[125] have estimated a maximum Tc of 530K at x=0.3 which is reduced considerably due 
to local distortion and stress induced in the structme as a result of the variations in the 
type of A site ions. 

The Mgh temperature susceptibility of the two-phase system (for x>0.35) shows devi- 
ations from a Curie- Weiss t3TJe of behavior. As we see in Fig.5.11, the deviation increases 
as we approach the higher values of x. For the two-phase region, it is tempting to argue 
that the net susceptibility would be a weighed average of the susceptibility of the two 
phases. Based on this argument, we have calculated the % of BaMnOa phase from the 
measured temperature dependence of x for the samples with x=0.6 to 0.9. The rule of 
fraction yields; 

Xb = - lx* ” (1 “ ^)Xa] 

X 
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Figure' 5.12: The paxamagnetic susceptibility of BaMuOs at different temperature deduced 
from tlui susceptibility of Lao.65Bao,35Mn03 and two-phase Lai-iBa^MnOa (x=0.6, 0.7, 0.8, 
and 0.9) using a simple effective medium approach. 

wher<i xa 7 Xb^ and X® are molar susceptibilities of Lao esBao ssMnOa, BaMnOa and 
Lai ^BaajMnOg respectively. Figure. 5.12, shows xb calculated from the data for samples 
with x={).6, 0.7, 0.8, and 0.9. This analysis does not lead to a unique value for BaMnOa 
phas<'.. It is therefore clear that a simple macroscopic effective medium approach for defin- 
ing the su.sc-('i)ibility does not work in this case. A physically meaningful approach should 
take into account the variations in local fields and the behavior of Mn^'*' spins at the 
interface between BaMnOa and Lao.esBao.agMnOa grains. 

5.3.5 Superparamagnetism in Two-Phase Region : 

The magnetic behavior of granular systems consisting of ferromagnetic particles umformly 
di-stributed in a non-magnetic host has been of considerable interest since the fifties when 
some pioneexing work was done in this area [120]. The BaMnOa rich two-phase mixture 
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of La, .Ba.MnOa in wlu<-h t.ho forroinagnotir compound La<, esBao asMnOs coexists as a 
miaorit,y phaw' wit.h BaMuO;, offers a similar system. If the size of the ferromagnetic 
particdes is sufliri<‘nf.ly small, th<> ordennl state will have a single domain in which Mn^+ 
and Mu'* ' spins are aligiu'd in the same direction across the volume of the particle. The 
net magnet i/.at ion of such an assembly of particles can be highly sensitive to temperature 
As long as th<' tlieinwl eiK'igy i ('mains smaller than the magnetic anisotropy energy, the 
saturation ma<>n<'t i/al ion of the syst(>m will bo. the same as that of the bulk sample. Above 
a critical t.('mperatnre known as tiie blocking temparature, the thermal energy becomes 
sufficiently large to (■aust* a Brownian rotation of the direction of magnetization in the 
particles. I’ln' net. moment of tin* sampk' in the presence of a field is then given by a 
Boltzman distribution of iiulividual moments in the field direction just as in the case of a 
l)aramagn''t Th(‘ averagf* fra<‘tion of the moment in the direction of the field is 

]i J esp{~pMlkBT)dfl ^ ^ 

where fi is tlw‘ total magnetic moment of the particle, and fi is the macroscopic average 
monw'Ut. Here, t.!»* iuf.t<gration is ov<‘r all solid angle H and exp ( -^.H/ksT ) is proportional 
to th(' prcjbability t.hat p lit*s witliin an eUsment of solid angle dfi relative to H. This result 
is w<'l! known b.m-yvin function 

LinHfkttT) * cothifiH/kBT) - ksT/pH. (5.5) 

Thus tlie t.ia.',ne( i/at ion behavior of an assembly of single domain particles in ther- 
modynamii e(jn ilibrinni at all fields is identical with that of atomic paramagnetism except 
that in the former ca{«' extremely large moment is involved. Such thermal eqmlibnum 
behavior of the mac roscoi»ic moments is termed as ‘superparamagnetism [126]. This be- 
havior has also been dis<"ussed in the literature under several other names e.g pp 
param;»gncti.«m* [127], ‘collective paramagnetism’ [128], quasiparamagnetism [129], an 
‘subdomain bc'havior’ [130]. Now, we. examine the possible existence of a superparamag- 
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Figure 5.13: Magnetic moment of the ferromagnetic phase (x=0.35) at different tempera- 
tures in a two-phase sample of x=0.8 plotted as a function of applied magnetic field. 

netic b<»havior in the Ba-doped lanthanum manganites with x=0.8. The hysteresis curves 
of Lao, 2 Bao. 8 Mn ()3 at several temperatures between 50K and 240K are shown in Fig.5.13. 

t 

The saturation magnetization per gram of the phase LaoesBaoasMnOs in this two-phase I 
ceramic at 10 K is same as that of the single pha.se system with 0.3<x<0.35. At temper- | 
atures above. ~150 K however, the Ms(T) value of the two-phase mixture starts dropping | 

I 

compar('d to the value for the single phase material. Above this temperature, the mag- | 

netization of the sample with x=0.8 is also fully reversible. These observations suggest | 

1 

that the blocking temperature for the system is in the vicinity of 150 K. Following Jacobs | 

I 

and Bean [120], an operational defiition of superparamagnetism should include atleast two | 

i 

requirements. First the magnetization curves should have no hysteresis and second for: 
a non-interacting and isotropic system, the magnetization curves must be temperature' 
dependent to the extent that curves taken at different temperatures must superimpose 
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Figure. 5.14: H/T superposition of the data shown in Fig.5.12, indicating a superparam- 
agnetic behavior for T>150K. 

when plotted agaiast H/T after correction for the temperature dependence of spontaneous 
magnetization. In Fig. 5. 14, we show the H/T superposition of the hysteresis data shown 
in Fig.5.13. It is evident from the figine that the magnetic behavior of Lao.aBaogMnOa at 
temperature above ~150K where a clear H/T superposition is seen, indicates superparam- 
agnetism. We expect this behavior to cover a broader range of temperature in samples with 
x>0.8. On the other hand, a bulk ferromagnetic behavior will prevail below the ordering 
temperature as size of the ferromagnetic particle becomes larger and they also coalesce at. 
the lower values of x. 




Chapter 6 


Low Temperature Raman Spectra 
from Lai_ 2 ,Baa;Mn 03 , (x = 0, 1) 
Compounds 


6.1 Introduction 

Th<'.r(' is a growing; evidence of a strong coupling between the local atomic structure, 
lattice vibrational and electronic degrees of freedom in Lai-iAiMnOa perovskites [8, 82]. 
This coupling is found to play an important role in the transport properties and magnetic 
ordering, and particularly in th(' mechanism of colossal magnetoresistance [132-133]. The 
structural instabilities and lattice distortions present in the vicinity of the transition tem- 
perature (Ti\j or Tc) can be better understood by carrying out a temperature dependent 
study of various phonon modes present in this material. Raman scattering and infrared 
transmission experiments are particularly important for this purpose. In order to clarify 
the correlation between the structural changes and magnetic transitions, we have inves- 

°The work presented in this Chapter is based on : d /-i d ju • 

1. "Raman- and infrared- active phonons in hexagonal BaMnOs", Chaitali Roy and R. C. Budhani, 

Phys. Rev. B 68, 8174 (1998). 


6. Low Temperature Raman Spectra from Lai^^Ba^MnO^ 


114 


tigated in detail th<‘ tompexature dependence of the Raman active modes of the series 
Lai 3 ,Baa-Mn ()3 and its two end members namely, LaMnOs^^ and BaMnOa-^. The unpo- 
larized Raman scattering exiK'i inK'iits were performed over a temperature range of lOK to 
300K. 


6.2 Experimental Details 

The polycrystallim'. samples of LaMnOa+i, and BaMnOa -5 as synthesized from solid state 
reaction method were used in the present study. The 514.5 nm and 488 nm lines of Ar"^ 
laser have been used to excite the samples. The samples were mounted on the cold finger 
of a cdosed -cycle' he'.lium cryostat for measurements in the temperature range of 10-300K. 
The temperature e)f the samples was measured with a Si diode sensor, and a programmable 
controller was used to stabilize the temperature at a desire value. The laser beam of energy 
~2() mW was focused on the surface of the sample to a spot of diameter --lO /xm. The 
scattered light was collected in a 90” scattering geometry as shown in Fig.2.3. The spectra 
wer(^ detected by a liquid nitrogen-cooled CCD array. 

6.3 Anharmonicity in Light Scattering by Optical 
Phonons 

The i.emperatun'. dependence of the phonon modes can be attributed to the anharmonic | 
terms in the vibrational potential energy of the lattice [131, 134-136]. For a system with j 

equilibrium atomic positions | 

R^°^l,k) = R{l) + Rik) (6-1) I 

f 

f 

where R (1) = bfi -f- I 2 T 2 + I 3 T 3 , the % are primitive translation vectors, the I, are integers, | 
and R (k) is a vector of the basis; the vibrational Hamiltonian can be written as i 
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4^5: E E A;; l\ A;'; l\ k"; l"\ k"')Ua{l, k)Up{l', k')U^{l", k")Us{l'\ k"')+. 


l\k>S 

( 6 . 2 ) 

whcrci w(l, k) is tht' displacemcut of atom l,k from its equilibrium position and <f>apy, 
and <papyfi arc tli(^ harmonic, cubic anharmonic, and quartic anharmonic force constants 
respect, iv<'ly. Th<‘ first f,wo terms an' the harmonic Hamiltonian Hq. The remaining terms 
are f,h(' auharinonic Hamiltonian Ha- 

OiK' diagonaliz<'s th<'. harmonic Hamiltonian by means of the normal-coordinate trans- 
formation 

ad k) - J ^ 


AQ) a ^ 

J , 

(6.3) 


(6.4) 


\ 2N ^ 

Here uj^-j is the nonnal-mode. frequency for wave vector q and branch index j, W(k, | q, j) 
is the i)olariza< ion vector for the normal mode, M*, is the mass of an atom of type k, N is 
the number of unit cells in the crystal and and are the field operators. 

After making the normal-coordinate transformation, the Hamiltonian becomes 

H==Ho + Ha 


where 


and 


Ho = ^ J] 

^ f J 




(6.5) 


( 6 . 6 ) ; 




where V’s are the harmonic coefficients. If we restrict ourselves to the cubic anharmonidty 
the second order, the damping constant T that characterizes the peak width can be 


m 
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dcriv(Hl as [134], 


T{T) = A + 


B 


-1 


(6.7) 


wher(' A and B ar<> constanfcK and is the Boltzmann factor exp(h wo/ks T). 

If a similar ar<>nm<mt is used for the origin of the line shift, the peak position in cm- ’ 
at a giv('u t<*Tni)<'ratur<' can be written as, 


a(T) = a;o + C 



( 6 . 8 ) 


where C and w,, are constants. The constants A, B, C and uq are calculated by fitting these 
thermal model cejnations (6.7 and 6.8) with the experimental frequency shift and FWHM 


data. 


6.4 Results and Discussion 

In th<* first part of this H<‘c;tion, we present the temperature dependence of various phonon 
mod('S of orthorhombic LaMnOs^^. In a later part of this section, the temperature depen- 
denc<‘ of the phonon mod<*s of BaMnOa-; compounds are discussed. 

6.4.1 T<^ini><‘rntur<i Dependence of Phonon Modes in LaMnOs : 

The uiipulari/<-d flaman sp<'Ctra of orthorhombic LaMnOa as a function of temperature are 
shown in Fig.fJ. 1 . Tlw^ spectra have been obtained from a spot of diameter ~10 fim. There 
are some (jualilafivc difhwnces in the measurements shown in Fig.6.1 and the data taken 
in the nucr< ag< ■ with a spot size of ~2-3 The mam difference is the appearence of an 
additional band at 672 cm ‘ in the spectrum of Fig.4.1 which was taken with a much larger 
beam spot. Sincff tlK*.r<' were no impurity phases present in the material as per XRD and 
SEM analysis, we believe that the larger spot size is allowing Raman scattering from some 
grains of different orientation for which polarization selection rules allow appearence of the 
672 cm ‘ lim*. The Raman fine at 672 cm“^ is also observed from some scanty distributed 
graias of diameter '^24 (im. This additional band at --672 cm“^ has also been reported by 
Podobedov et a/. (89) in orthorhombic LaMnOa and recently a Raman line at ~ 640 cm ^ 
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from rhomboluHiral LaMnO;, has been reported by Abrasher et al. [137], According to 
Podobodov et ai., th<' feature may b(' a contribution of the second order Raman process, as 
they obtaiiuid the same f(>atur('. from Sr-doped materials for which the first order Raman 
mode's ai<' foibidde.u. However, in contrast to these results our room temperature Raman 
measurement, s of Ba-dop<‘d matc'rials did not evolve any feature at 672 cm ^ which can 
be attribut.c'd due' to the second order contribution. From Fig.6.1, one observes that the 
intensity of all (,h(' pc'aks d('.cr<'ases gradually with rise of temperature. This indicates the 
reduction of orthorhombic lattice' distortion as the sample gets heated. In particular, the 
perovskite lik<> compound tc'nds to have more, symmetric structure e.g. monocUnic or cubic 
with the rise of temjx'raturc' [42]. Tliis is most likely due to the oxidation of some of the 
Mir"* ' to Mu'* * ions with incn'ase in temperature, which destroy the JT distortion in the 
compound. As a n^sult of this, th(' structure becomes monoclinic or cubic depending on the 
Mn'* ' ion coatc'uf, in the matiirial. Th(> Raman spectrum is characterized by two prominent 
bauds at 490 cm ' and 612 cm '. The peak centered at 490 cm“* is due to Kg symmetry 
whciri'as (>12 cm * peak can bi' assigned to the B25 symmetry mode as discussed in Chapter 
4. The variation of peak position and FWHM of 490 and 612 cm“* peaks with temperature 
has be<'n displayetl in Fig.6.2 and 6.3 respectively. The structural changes associated with 
the autifeiTomagnetic ordering at 145K have been noticed in the phonon spectra of this 
<‘onipoun<I. As the transition (<‘nipei ature is approached from below, the strongest line at 
490 cm ’ of Kg symmetry mode broadens (Fig.6.3) and soft^is. The 490 cm ^ mode shows 
anomalous behavior be.low th(^ magnetic, ordering temperature {~150K). It does not obey 
tlie thermal model of anharmonicity of iwithor cubic nor quartic order contribution to the 
vibrational potmitial energy of lattice. This is evident from Fig.6.2 where the fitted < urve 
(solid curve) to the Eq.6.8 shows a large deviation firom experimental firequencies below 
150 K, and indicates the stiffening of the mode. This is most likely due to the magnetic 
ordering at this temperature which may influence the phonon mode. The correlation of 
the magnetic ordering with the phonon vibrations will be discussed in the later part of 
this section. The temperature dependence of the peaks at 612 cm and 672 cm also 
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Figure 6.2. T<..up,.ru, depoudeuee of the pe.k f 

orthorhombic LaMuO^. The »lid curve repreeeuts the thermal model curve 

the dashed curve is only an aid to the eye. 
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Figure' 0.3: lVni|><Tut urc dept'ude'iicp. of the peak width (FWHM) of 490 cm~^ Raman band 
of orthorhombic LaMnOa. The solid curve, is only an aid to the eye. 

show.s auomaIit‘.s in th<‘ vicinity of the'. Neel temperature (~145K). The abrupt shift of 
tlu'sc two lint's t.owards higlicr wavt'number has been observed near the Neel temperature 
of the compound (Fig. 0.2 and 0.4). Wlule. the observed anomaly in the 609 cm"^ mode 
has also bt'tm .st'tui by Podobt'dov et ai. [89], we notice a similar behavior in the mode 
centtirtnl around 070 cm Tht' pos-siblt' caxise of mode stiffening seen here is the spin- 
lattice interat;tiou. Neutron tliffraction measurements of Huang et ai. [60] on LaMnOa+A 
system show anomalit's in tin* ‘a’ and ‘b’ lattke parameters (with the convension that c is 
parallel to z axis) ntw Tiv- In Fig.6.5 we reproduce the data of Huang et al. It is clear from 
the. figure tliat the ‘a’ axis lattice, parameter which decreases from room tmiperature down 
to Tiv following the expected thermal behavior, shows an upturn below T;^. However, 
the beliavior of ‘b’ axis lattice parameter is quite different. While it increases down to 
150 K, in the magn«'f,ically ordered state it is relatively temperature independent. The 
temperature dependence of 490 and 612 cm“^ Raman modes (Fig.6.2) shows a behavior 
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Temperature ( K ) 

Figure (5.4: Temix-iaf urc>. depeude.nce of the peak position of 672 cm“^ Raman line of 
orthorhombic LaMnOs. The solid curve is an aid to the eye. 



T(K) 

Figure 6.5: TumiH.rat.ire dependence of lattice parameters a and b of orthorhombic 
LaMnOs ftom neutron diffraction measurements [60] 
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similar to that, of ‘a’ and ‘b’ lattic.e parameters. 

6.4.2 Temperature Dependence of Phonon Modes in BaMnOs-^ 

> 0 ) : 

In tins s('ction we discuss the', temperature dependence of the Raman modes in stoichio- 
rm'tric BaMnO.-j and one of th(' oxygen deficient BaMnOs-* samples. The phonon mode^' 
of BaMnO-j at low t(‘mperattir(‘s, ar<' quite narrow. With the rise of temperature the lines 
broaden noticeably and also show a slight shift in frequency to the lower side. Figure 6.6 
shows the. behavior of Raman intensity in the spectral ranges of 370-445 cm“^ and 610-710 



Figure Te^peruty, 

2 H-BaMn 03 compound. Spectra tafren only at a l 

of clarity. 

T o fxxrn ranves of frequencies the strongest modes 

cm"' at various .temperatures. In thes . 

.ar^od . A. D. and E reapectivei. in Fig.4.5 (Chapter 4, are nhser^d. The — 
„f peak poaitiona and FWHM of the peahs A and E as a taction of t«np«ature 
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Temperature ( K ) 


*> 


Figure 6.7: TcuijxM’at.un' dependence of the penk position and FWHM for Raman line A 
of BaMnOa compound. 


bnen plott,.»i ill Fig.K.T aud 6.8 rffipectiwly. In both the hgutes the FWHM of the peaks 
iuor<'a.s<.s and their position slufts to lowx wavenumbers on increasing the temperature 
from 1(1 to 3(«l K. While the-se changes are small the trend is quite systematic. The ob- 
served changes in the line width and peak position of the Raman peaks can be viewed as 
emanating from the anharmonic terms in the potential energy |131. 134-136). 

The Eq.(6.7) has been used to fit the FWHM data. The fits shown i g ^ 

Fig.6.H are obtained with too, A. B as 658.6, 12.5. 21.6 cm'- and 414 . 6 , 9.5 and 11.2 cm ' 
re-sliectively. The solid lines through the data points for peak position m Fig.d. 
obtained by fitting Eq.(6.8) with mo and 0 equal to 418 and -3.8 cm ' respectivdy wh^s 
for the Raman line at -658 cm- (Fig.6.8) the values are 661.98 and -3.54 ^ 

have shown the behavior of the most intense, peaks, the evolution of “ ““ 

on lowering the. temperature Mows a similar trend. The good fitting of Eqs.(6.7 md J 
With the frequency shift and damping cx)astant of the Raman active mo es reve s 
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Figure (i.8: 'I'f'iikjx't.itutf' <ir'iM'iui<'iic(' of tho peak position and FWHM for Raman line E 

tho rout rihnt ion of srattoring from 3-phonou process may be expected in this system. 

'I'ho Hamuu sportra of oxygon deficient ISR-BaMnOs-i at various temperatures are 
pi'f’Hout od in I'he sportral intciisity of all the phonon lines decreases on heating 

tin* sample. On coinparin)'. the spc^ctra of stoichiometric BaMnOa [Fig-6.6] and the oxygen 
deficient BaMnO;, [Fig.6.9) at tb^ low(>sl possible temperature (~10 K) the following 
diffenmees are notic'od. Firstly, few additional phonon peaks (indicated by arrows) ap- 
pear in the low teiiipt rat uro spectra from the oxygen deficient BaMnOa-i compound (se 
Fig. 6. 10). The increase of Raman lines in this compound is in good agreement with 
gn»up th<H)retiral fottnulafion for the ISR-BaMnOa-rf compound. The increase op 
modes has also benn noticed in IR transmis.sion spectra of this compoimd co ’ g - 
IfiR phase as discus.se<l in Chapter 4. Secondly, the phonon Hnes are broader m the case 
of oxygt'n deficient compound compared to the stoichiometric one. This ng 

phonon riWMi«*s is likely to lie due to the increased disorder caused by th ’ 
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Figtire 6.9: Temperature dependence of various Raman active modes from oxygen deficient 
BaMnOa-tf compound. 
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Figure 6.10: Raman spectra of 2H-BaMu03 and ISR-BaMnOs-f compounds taken at lOK 
with A=514.5 nm Ar'*' laser line. The additional Raman lines have been marked by arrows 
in oxygen deficient material. 

in the quenched sample. The cation vacancy disorder will also result in lowering of the 
peak intensities. 

Another interesting aspect of the low temperature Raman spectra of oxygen deficient 
BaMnOa-^ is the large background intensity. The background is not flat and smooth as 
seen in the spectra for 2H-BaMn03. One possible reason for the wavenumber dependent 
background could be the scattering by free, carriers. As we discussed previously, with 
the decrease of oxygen stoichiometry in this sy.stem, some of the Mn^+ ions changes to 
Mn^'*' ions creating holes as free carriers. A similar feature has been obtained in the 
Raman spectra from metallic Lai-iBa^MnOa samples with 0.25<x<0.35 (Fig.4.4) where 
the doped carriers are itinerant. 

Figure 6.11 shows the variation of frequency and FWHM of the three stronger Raman 
lines centered at ~412, 554, and 651 cm-’ respectively of the oxygen deficient BaMnOs-i as 




Shift (cm ) Shift ( cm 
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Figure 6.11: Temperature dependence of the peak positions for the three stronger Raman 
modes of oxygen deficient BaMnOa-^ compound. The temperature variation of FWHM 
for one of these bands is displayed, others show the similar trend. 







Chapter 7 
Conclusions 


To conclude, the structural and magnetic phase stability of the Ba-doped lanth anum 
manganite perovskite system has been investigated in detail using X-ray diffraction. Ra- 
man scattering, IR absorption and magnetization measurement techniques. The various 
crystallographic phases present in the system Lai-xBa^MnOa for 0<x<l were detected 
using the first three techniques. It has been amply demonstrated in the literature that 
the structural state and physical properties of perovskite related oxides are susceptable to 
changes in the oxygen nonstoichiometry, the range of which has been extended in many 
cases by adopting high pressure techniques and electrochemical methods. The oxygen 
nonstoichiometry in lanthanum manganite, however, can be realized by synthesizing the 
material in oxygen rich and oxygen deficient environments at ambient pressure following 
the standard solid-state route. The oxygen nonstoichiometry, in general written as b (>0), 
actually represents cation vacancies in the structure rather than an excess of oxygen. For 
the undoped compound LaMnOa+i, our Raman and IR results confirm the reported suscep- 
tibility of the structure of this compound to variations in 6. An increase in 6 can be realized 
either by heating the orthorhombic phase (5 ciO) at temperatures as low as 600^0 or via 
laser annealing. The higher symmetry of the crystallographic structure achieved through 
oxidation is indicated by a decrease in the number of IR and Raman active phonons. The 
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effect of Ba substitution is similar to that of an increase in 6. The behavior of IR absorption 
edge and phonon modes at room temperature is indicative of an insulator-metal transition 
in this system as a func tion of Ba concentration. Our micro- Raman measurements fix the 
maximum solubility of Ba in cubic perovskite structure at x<0.35. For higher values of x, 
a two-phase mixture of hexagonal BaMnOg and cubic Lao 65Bao.35Mn03 is formed. The IR 
and Raman spectra of various polymorphic forms of BaMn03 have been measured. The 
observed phonon modes for 2H-BaMn03 compounds have been compared with allowed 
zone-center vibrations for the space groups Pesmme and P63mc. The correct space group 
for this material is established as P63mc. The temperature dependence of various Raman 
excitatioas has been measured and understood in the framework of the temperature de- 
pendent changes in the Bose population factor and anharmonicity of the lattice potential 
The magnetic behavior of the Lai_a;Baa;Mn03 samples over a wide range of composition 
(()<x<l) has been studied. The magnetic state of the compound with x=0 depends sen- 
sitively on the extent of cation vacancies which leads to Mn^'*' sites in this system where 
charge neutrality requires only Mn^"*" ions. The orthorhombic LaMn03 samples prepared 
in an inert environment orders antiferromagnetically ~145 K, and show extremely .small 
parasitic moment at 4.2K. The LaMn03+5 phases {6 >0.07) and all Ba-substituted samples 
for x<0.35 order ferromagnetically. Both Tc and saturation moment increase with x for 
x<0.35. Samples with x>0.35 provide an interesting granular system where saturation mo- 
ment scales with the fraction of Lao.65Bao.35Mn03 cubic phase present in the alloy. At very 
low fraction of this ferromagnetic phase, the system shows signs of superparamagnetism. 

The Ba-substituted compounds with 0<x<0.25 exhibit in a single phase material 
with decreasing rhombocity. A further increase in x leads to the ideal cubic perov.skite 
structure for which the factor group analysis yields no Raman active and three IR active 
phonons of symmetry. The structure of LaMn03+^ and Lai_a:Ba.j;Mn03 for x<0.35 
goes to a state of higher symmetry as the Jahn-Teller distortion is removed with the 
increasing Mn '^+ concentration. This is clearly evident from the decreasing number of 
phonon modes observed in IR and Raman spectra and change of the crystal structure 
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from orthorhombic to rhombohedral aad from rhombohedral to cubic as seen through X- 
ray diffraction measurements. These changes are accomplished through a local adjustment 
of bond angles and bond lengths without involving large scale diffusion of cations in the 
material. Such a large scale motion of atoms, however, occurs for x>0.35 where we see 
the formation of two distinct crystallographic phases viz. Lao esBao 35 Mn 03 and hexagonal 
BaMn ().3 respectively. The phase separation is triggered by the fact that the long range 
cubic perovskite order is unable to accommodate the larger divalent ion (Ba^+) at a large 
number of La^"^ sites. 

It is generally seen that Raman frequencies of perovskite oxides in the lower wave 
number (<450 cm' depend on the type of the rare earth element, whereas for r’>450 
cm \ the internal vibrations of the oxygen octahedra incasing the transition metal ion 
dominate the spectrmn. For LaMn0.3+/i the most intense internal vibration at 612 cm“^ 
[Fig.4.1] is due to inphase stretching motion of oxygen atoms in the ab plane. The second 
intense peak at 490 cm ' is of Ag symmetry involving out of phase bending motion of 
oxygen atoms in the octahedra. Since these modes are forbidden for the rhombohedral and 
cubic phases structure, their position and intensity must reflect the extent of orthorhombic 
distortion of the structure. 

The continuous absorption with an onset at ~500-600 cm“^ and of increasing intensity 
as we. go to higher wave numbers has been observed in the. IR transmission spectrum 
of orthorhombic LaMnOs, perhaps involves interband electronic transitions. Electronic 
calculations [138] for LaMnOs suggest that the lowest energy band-to-band excitation in 
this system would involve transitions between the JT split e^ | and e^ t bands. The 
e’ t band overlaps with 0 2p band due to strong hybridization, while ej t band forms 
the lowest lying empty conduction band. Optical reflectivity measurements of Jung at ai. 
[139] indicate that the center of gravity (CG) of the e^ t t bands are separated by 

~1.9 eV. The extrapolated value of the absorption edge in the present case is ~0.06-0.07 
eV. The lower energy of the edge as compared to the band-to-band separation of 1.9 eV 
is understandable in view of the fact that absorption edge is a measure of the separation 
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between band edges rather than the band CGs. In the present case, the separation is also 
susceptible to small variations in oxygen concentration in the sample. It is also important 
to point out that the observation of a gap is consistent with the reported semiconducting 
behavior of LaMnOa. The shift of the absorption edge to lower wave numbers as the oxygen 
concentration is increased or as lanthanum is replaced by barium suggest a lowering of the 
energy gap and an eventual insulator-to-metal transition in the system. While a correct 
determination of the edge becomes difficult due to overlap of electronic and phonon parts, 
the trend is quite clear in om- IR data. This type of behavior of the absorption edge is 
observed in many doped perovskite systems such as Lai_3;Ba3.Cu04 and LaNii_j.Cra;03. 
For Lai-jBajjMnOs, while a systematic study of the insulator-to-metal transition as a 
function of x is lacking, from a comparison with Sr and Ca doped systems this transition 
should occur in the vicinity of x~0.18. Another remarkable effect of the increased hole 
concentration in the system is on the behavior of the phonon modes. While some of the 
inodes become forbidden because of the raising of the crystal symmetry, the modes which 
remain show a considerably lower intensity on increasing the x. A stricking similar behavior 
of phonon modes has also been seen in hole doped La2Cu04 [140-141], and in some doped 
nickolates and the low oxid(' superconductor BaPbi_sBia;03 [142]. 

The magnetic measurements show that the ordered moment on LaMn03+£ dej>ends 
sensitively on the processing conditions and lowest value of 0.006 /Xb Mn ion at 4.2 K 
is realized in the antiferromagnetic compound of 6 = 0. The compounds of 0.07> 6 >0.04 
show large ordered moment at low temperature. This is not due to spin canting but a 
rc'sult of double exchange between Mn^"*'-0-Mn^'*' ions which form magnetic clusters. Com- 
pounds with 6 >0.07 are well defined double exchange ferromagnets. The Ba-substituted 
compounds order ferromagnetically with a monotonic increase of Tc and with x<0.35. 
In the two-phase region, Ms scales with the fraction of the ferromagnetic phase present in 
the sample. Magnetic granularity, superparamagnetism and an effective medium approach 
for susceptibility of the two-phase mixtures in this system axe also studied for the first 
time. The complex magnetic behavior of BaMnOs suggests antiferromagnetic ordering 
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below ~lo0 K. The oxygen deficient BaMn 03 _/i sample shows two ordering temperatures. 
The inflection point at ^150 K is most likely due to antiferromagnetic ordering of Mn^"*" 
spin, whereas a ferromagnetic ordering is observed at lower temperature (~50 K). 

The temperature dependence of frequency and linewidths of various Raman active 
modes in case of LaMnOs+fi and BaMn 03 _A samples is measured. The anomalous behavior 
of certain phonon frequencies at the magnetic transition temperature of LaMnOs com- 
pound has been noticed and correlated with the onset of antiferromagnetic ordering effect. 
The temperature dependence of phonon modes for the 2H- BaMnOs samples has been 
attributed to the anharmonic terms in the vibrational potential energy of the lattice. As a 
results of which the Raman spectra jfrom 2H compound are expected to have contribution 
of 3-phonon scattering processes. 

7.1 Future Scope of the Work 

The scientific and commercial interest in the hole doped rare-earth manganites has grown 
continuously during the last few years. It is very clear that the average ionic radius of A- 
site in the AMnOs system plays a key role in establishing the interplay between magnetic, 
Coulomb and lattice interactions. The A-site radius can be varied in a controlled manner 
tiirough a suitable choice of the rare-earth and the dopant alkaline earth elements. While 
some priliminary work in this direction has started appearing in the literature, there is 
considerable scope for further studies. 

The literature survey of the rare-earth manganites shows little evidence of lattice 
dynamic studies. The lattice effects play an important role in carrier transport and mag- 
netism in these materials. The Jahn-Teller instability of the MnOe octahedra is rospf)nsible 
for various structtiral transformations. Raman scattering is known to be a powerful tech- 
nique to study the dynamical processes caused by phonons, charge carriers and spins that 
may effect the magnetoresistance. Particularly, the polarization measurements that can 
be made with small high-quality single crystals provide a description of anisotropy of the 
above processes, information that may be inaccessible by other techniques. It will be inter- 
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esting to study the polarized Ra.maii spectra of Lai_ 3 .Baj;Mn 03 single crystal. The correct 
mode assignment would be possible using the room temperature polarized spectra. The 
influence of magnetic ordering on a particular Raman active mode and its variation with 
temperature can be studied more easily after a detailed analysis of the polarized Raman 
spectra of the material. 

The real space ordering of Mn^+ and Mn^+ ions (charge ordering) is another exciting 
area where Raman studies can provide very useful information. The charge ordering (CO) 
effect is strongly influenced by the average radius of A-site cations <r^>. In manganites 
for x~ I (<r^> < 1.25 Jl) the Coulomb interaction can overcome the kinetic energy 
of the electrons resulting an ordered arrangement of the Mn^"*" and Mn^'*' cations. The 
material like LaosSrogMnOa (<r^> = 1.26 A) does not show CO whereas the compounds 
like Ndo sSro.sMnOa (<r^> = 1.23 A) and NdosCaosMnOs (<r^> < 1.18 A) charge order 
below a certain temperature. Due to larger ionic radii of La^'*' (r = 1.22 A) and Ba^'*' (r 
= 1.43 A) the Lao.sBao.sMnOs does not show the charge ordering behavior. In fact, the 
crystallographic phase is not even stable. One can propose an experiment where some 
of the atoms of La^"^ are replaced by Pr^'*' (r = 1.16 A), Nd^'*' (r = 1.15 A), Sm^~ (r = 
1.13 A) or Gd'^'* (r = 1.11 A) keeping the Ba and Mn site intact. This may result in the 
compound having a reduced average A-site cation so as to reach <r 4 > ~ 1.25 A which 
is the approximate radius for manganites associated with the charge ordering transition. 
One would expect interesting and unusual behavior in such a system. 
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